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OIL-LESS METALCLAD SWITCHGEAR FOR MEDIUM-VOLTAGE ^ 
ALTERNATING-CURRENT CIRCUITS UP TO 660 VOLTS, 3-WlASE 

By H. E. COX* and L. DRUCQUER,* Associate Members. / ■ ‘v / 

[Paper first received 31si May, and in revised form 1th November 1939; read before The Institution 1th March, before theMs.'^i^'. 
AND North Wales (Liverpool) Centre Uh March, before the North-Eastern Centre llth Mar^h’before the 
Western Centre IQth April, before the Sheffield Sub-Centre llth April, and before the East fijiDLAND Su#Q^t^e 
nrd April, lUO-l 

SUMMARY circuit current which has to be dealt wiffiaSTthe case 

This paper reviews the problems relating to medium- of the 400-volt breaker is approximately 35 000 r.m.s. 
voltage switchgear and its application. Certain conclusions amperes, as compared with approximately 5 000 for the 
are arrived at as representing solutions to these problems. gSO-kV breaker, i.e. the smaller piece of apparatus has 

breiU^era and switck-fnae gear is descrfbSd. The a.c. air ‘0 the lault yrrent, which is capable 

circuit-breaker does not need magnetic blow-out coils, aud pioducing times the mechanical stresses, 
test data are provided showing the effectiveness of design considering any solution of this problem it is 

without such coils, High-rupturing-capacity fuses are also necessary to have a general picture of the complete 


dealt with in so far as they affect the design of switchgear electrical requirements which have to be met by this 
equipments. Finally, the paper considers complete switch- * class of switchgear. Such a picture is briefly indicated 
boards built up. from the apparatus described earlier, into below, 

metal-enclosed units. GENERAL REQUIREMENTS 

Voltage Rating 


INTRODUCTION The voltage range is confined to an upper limit of 

In the early days of electricity, direct current con- ^^0 volts (a.c.). The use of direct current is rapidly 

trolled by air-break switchgear was supreme and the decreasing except for traction and special process work, 

low voltage obtainable set a very definite limit on the which has demanded special study. The results 

amounts of power which could be concentrated into achieved in this direction are outside the scope of th^ 

any one place. The introduction of alternating current paper. 

entirely changed this state of affairs and a period of Load-current Rating 

rapid progress was entered upon, characterized by ever- The requirements are extremely varied and range from 

increasing voltage and power concentration. 5 amperes up to and including 4 000 amperes. 

Until recently the only practical way of breaking 
extra-high-voltage circuits was by quenching the result- Short-circuit Rating 

ing arc with oil, and oil circuit-breakers were brought Testing has shown that the performance of medium- 
to a high pitch of perfection. voltage breakers at breaking currents in the neighbour- 

The increase in size of high-voltage networks was hood of the rated breaking capacity varies very little as 
responsible for a similar but less-marked concentration the voltage is altered between the limits of 220 and 660 
of power in the medium-voltage networks and, since the volts. This follows logically, first from the fact that 
major high-voltage problem had been successfully solved the arc on the first phase to clear can be made to 
by the introduction of the oil circuit-breaker, it followed extinguish at the first available current-zero, even at 
naturally that a solution on similar lines could be found 660 volts; and secondly from the fact that the ai'c energy 
for the control of medium-voltage networks. The depends upon current and time only and not upon the 
success which attended this application of the oil circuit- circuit voltage. 

breaker resulted in the air circuit-breaker being relegated Such apparatus therefore tends to have a constant 
to the control of a.c. medium-voltage circuits of secondary breaking-capacity current-rating at various voltages, 
importance only, and its continued development was and not a constant breaking-capacity MVA rating. ‘It 
largely influenced by the requirements of d.c. circuit is therefore logical to define the breaking-capacity rating 
control, which remained its primary field of use. of such equipment in r.m.s. amperes, a figure which 

With the present practical upper limit of modern remains constant with variations in service voltage 

circuit-breaker rating set at 2 500 MVA at voltages up between the limits of 220 and 660 volts, 
to 280 kV, it is natural to look with indifference on the Much discussion has centred round the upper limit 
design of apparatus having an MVA rating of only of short-circuit current encountered in medium-voltage 
1/lOOth, operating at a voltage of approximately l/700th, networks, but, in the authors’ experience, it can be 
such as is represented by a 25-MVA 400-volt breaker, regarded as approximately 44 000 symmetrical r.m.s. 
This indifference is helped by the relatively less spec- amperes, which is equivalent to 50 MVA at 660 volts, 
tacular results of failure, and the limitedToss of service. Although fault values larger than this are possible 
consequential damage, and injury to personnel. It is a they are confined to areas immediately adjacent to 
little surprising, therefore, to realize that the short- sources of supply, as even a few yards of busbar or cable 
* British Thomson-Houston Co., Ltd. . appreciabty reduce the fault value. Apart from excep- 
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tional cases, therefore, it is more economical to limit 
the short-circuit to the value stated above by suitable 
sub-division of the sources of supply, than to install 
switchgear capable of dealing with the larger values. It 
must also be realized that, in the case of supply from 
transformers, sub-division allows the transformers to be 
placed nearer to the actual loads which they supply, and 
thus results in better voltage regulation and less copper 
on the network as a whole. The traiiisfonners may, of 
course, , be interconnected through the network and thus 
give alternative feeds to the various loads without unduly 
raising the maximum short-circuit kVA. 

Performance 

In view of the exceedingly high fault current, it is 
essential that the circuit be cledred as rapidly.as possible 
to reduce burning of contacts and limit th6 d^toiage at 
the fault to a minimum. Two very hn|5»tant require¬ 
ments of the contacts are that they stall be able to close 
on faults of full rupturing capacity without welding or 
undue burning at least twice in succession, and that they 
shall be able to withstand repeated closing and opening 
operations at currents in excess of their normal full-load 
rating. The arcing structures must also withstand the 
opening operations. The performance should be such 
that the breaker can be totally enclosed, preferably in 
an earthed metal enclosure of small dimensions. 

Thermal Capacity 

The ability of the gear to withstand through short- 
circuits up to its rating for periods up to 5 sec. is of 
importance where any attempt is made to provide 
discriminative protection. 

Fire Hazard 

An analysis of electrical failures in this country 
indicates that few major shutdowns of electrical supply 
can be directly attributed to failures of oil circuit- 
breakers. The presence of an inflammable dielectric such 
as oil in electrical apparatus remains, however, as a 
potential fire hazard, which, although not initially 
responsible, may ultimately considerably extend the 
area of damage. It is desirable, therefore, to reduce to a 
minimum the possibihty of electrical failure resulting in 
a fire. 

EXISTING TYPES OF GEAR 

A brief account will now be given of apparatus already 
developed which, it is believed, meets the above require¬ 
ments. 

Oil Circuit-breakers 

Modem oil circuit-breakers can be and have been 
successfully constructed to meet the majority of specified 
requirements, but can be criticized in respect of: (a) Re¬ 
latively severe contact-burning with frequent switching 
at currents of the order of normal up to 10 times full 
load. (6) Relatively long total-break time, (c) Fire 
hazard. 

Oil has a definite sphere of usefulness in circuit inter¬ 
ruption, particularly for the higher voltages, a field in 
which it appears to possess advantages that outweigh 
its single disadvantage of '‘inflammability." It seems 
unnecessary, however, to use it for the medium voltages, 


where the even more universally available ah can be 
used in its free and natural state without any expense 
and continuous processing such as compressing. 

Air Circuit-breakers 

The usual type of air circuit-breaker embracing 
carbon-block contacts, whUst meetuag a definite demand, 
is not, in the authors’ experience, capable of being used 
on modem high-rupturing-capacity a.c. circuits. Whilst 
inj^erruption at very high values of short-circuit may be 
obtained, the arc lengths are very considerable and 
circuit interruption would probably be accompanied by 
strikes to earth or between phases. The operation of the 
air chcuit-breaker when closing on short-circuit leaves 
much to be desired. The nature of its construction and 
mounting also militates against its successful inclusion 
in metal-enclosed switchgear, 

High-rupturing-capacity Fuses 

^ There can be no doubt that the modem high-mpturing- 
capacity fuse is an extremely efficient j^iece of apparatus, 
admirably meeting certain essential requirements for 
load-current ratings up to 600 amp. With regard to 
interrupting capacity, not only does it meet the required 
ratings but it possesses the excellent quality of being 
inherently current-limiting. It will be appreciated', 
however, that such apparatus makes no pretence at 
meeting any requirement of circuit-making, and hence, 
as a solution to the complete problem, requires ancillary 
gear. The present available designs are also limited in 
their discriminative properties on heavy shoi't-circuits. 
The following represents an effort to attack the com¬ 
plete problem and describes equipment which, from 
tests already undertaken, appears to meet all require¬ 
ments. The authors claim it to be a complete solution 
to the problem. 

CIRCUIT-BREAKER DESIGN 

It is recommended that the circuit-breakers employed 
should be of the air-break type. 

The requirements of a.c. and d.c. operation are funda¬ 
mentally different. In general, the rupture of a d.c. arc 
is more difficult than that of an a.c. arc, in which the 
alternating current becomes zero twice every cycle. On 
the other hand, the current-making problem with alter¬ 
nating current is much more difficult than with direct 
current, because the first loop of current can reach 
2| times the breaking-capacity current, whereas the d.c, 
breaker has only to deal with a current equal to its 
rupturing capacity. Since the electromagnetic forces 
are proportional to the square of the current, they 
amount to 6 times as much with alternating current as 
with direct current, and the problems of contact-welding, 
are correspondingly greater. , 

For a given current rupturing capacity, therefore, 
the d.c. breaker is characterized by comparatively light: 
mechanism and contacting parts and a more or less 
large and elaborate arc chute, circuit interruption being 
entirely dependent on the rapid lengthening of the arc 
within the chute to such a value that the circuit con- 
ditions are incapable of maintaining it. 
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On the other hand, the a.c. breaker requires a robust 
mechanism and robust contact parts, but the blow-out 
structure can be relatively small and simple in form. 

Analysis of Requirements 

Before turning to the design of suitable breakers it is 
necessary to analyse in detail the requirements, which 
can be conveniently grouped as follows;— 

Group 1. 

Small current-capacity breakers, say of 5 to 60 amp Ares, 
chiefly used for direct-on-line motor starting, which are 
always required with some form of series tripping (usually 
thermal) and maybe closed and opened several times per 
hour. Such breakers require a total life of more than 
1 million operations. They must be suitable for inching 
duty on motors taking starting currents up to 7 times 
full-load current. 

Groifp 2. 

Medium current-capacity breakers, say of 60 to 400 
amperes, used for starting motors in conjunction with* 
some form of control gear where they are operated 
several times per day, and requiring a total life of 100 000 
operations. They may also be used on distribution 
boards. These breakers are again required with series 
trips only, which may be of the thermal or the dashpot 
type. 

Group 3. 

Large current-capacity breakers, say from 400 to 
4 000 amperes, which are required on large distribution 
boards and are tripped by relays or series trips with 
definite minimum time-delay in order to obtain dis¬ 
crimination, These only require a total life of about 
10 000 operations. 

Detail Points of Design 

The detail design of these different groups of breakers 
varies quite considerably. 

Group 1. 

As these breakers are mostly used to control individual 
pieces of apparatus, an under-voltage release feature is 
nearly always required and facilities for remote control 
and interlocking are desirable. These requirements are 
best met by magnetically closing the breaker and using 
the closing coil to hold the breaker in. By energizing 
the closing coil from the line side of the circuit which the 
breaker Controls, an under-voltage release feature is 
obtained. 

Series trips with long time-lags amounting to 1 or 
more seconds at 7 times full load are required for direct- 
on-line motor startiag. This requirement .is best met 
by the use of thermal trips of the bimetal type, indirectly 
heated in the lower capacities. * The indirectly-heated 
trips must be augmented by instantaneous magnetic 
series trips to afford protection on short-circuit, as Other¬ 
wise there is danger of the heating elements actidg as 
fuses before the bimetal trip has tripped the breaker* 

These breakers are of strictly limited rupturing 
capacity, which can only be economically made 15 to 
20 times the full-load ampere capacity. Thus a 30- 
ampere breaker has a rupturing capacity not; exceeding 


450 kVA at 440 volts. This rupturing capacity would 
be exceeded in a large number of locations where such a 
breaker is demanded, and it is therefore essential that 
these breakers be made suitable for use on high-ruptur- 
ing-capacity circuits when protected by high-rupturing- 
capacity current-limiting fuses. 

To meet this requirement the breakers, including any 
overload devices, must withstand, without damage, both 
the magnetic and. the thermal effects of the current 
impulse permitted by the largest size of high-rupturing- 
capacity fuse with which they will be used. The contact 
design is determined, by the requirements that they 
should be capable of repeatedly making and breaking 
motor starting currents and should be able to close on 
to the maximum peak current permitted by a high- 
rupturing-capacity fuse‘when closing on to a 25-MVA 
prospedtiyd, short-circuit. In such cases the require¬ 
ments of thSPmal rating can be relieved and reduced to 
some value in excess of the fuse time rating. 

The contact life when making and breaking the motor 
starting current should not be less than 1 000 operations 
before renewal. 

Group 2. 

• These breakers have many points in common with 
those of Group 1, but their larger size leads to slight 
differences in design. In view of the fact that they are 
larger and are used on distribution boards where they 
may remain closed continuously for periods ranging from 
^ day to 1 week or even longer, it is desirable to fit them 
with a direct hand-closing handle with optional electric!.! 
closing of the mechanically latched-in type and not of 
the electrical hold-in type. This design requires a 
separate under-voltage release if such a feature is 
desirable. Thermal trips of the directly heated bimetal 
type are most suitable for these breakers, as they give, 
time-lags which are long enough for motor-starting 
and other duties and yet not So long that they make it 
difficult to arrange for discrimination with the feeder 
breakers and high-rupturing-capacity fuses controlling 
them. 

The 400-ampere breaker with a rupturing capacity 
of 20 times the full-load current would only be suitable 
for circuits with a prospective short-circuit not exceeding 
6 000 kVA unless it were protected by high-rupturing- 
capacity fuses. This group of breakers must thetefore 
be suitable also for use in series with high-rupturing- 
capacity fuses and hence can be designed for a thermal 
capacity which allows a reasonable margin Over the 
time rating of the fuse. 

Group 3. 

These breakers differ very eohriderably from those of 
Group 1 or Group 2. Their greatest application is on 
main distribution boards, so that they have to work in 
conjimction with relays or series trips with considerable 
time-delays, even at the full rated "short-circuit, in order 
to ensure discriminative tripping against other breakers 
nearer the ultimate consuming, device. This means 
that they cannot be used m series with high-rupturing- 
capacity fuses, so that they have to be designed for the 
full rupturing capacity of the system at the point of 
application., ' /t;,.; :, 
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The closing mechanism” should be ’ such that either 
direct hand or electrical closing can be obtained as 
required. 

Tripping should be by current transformers in con¬ 
junction with direct-acting trip coils and time-limit fuses 
or relays with a definite minimum time-delay. It may 
also be by means of series trips with a definite minimum 
time-delay or, where discrimination is not required, with 
instantaneous short-circuit tripping. 

In order to meet these requirements, the breaker 
should be able to close on to, and latch against, a peak 
current of 2*65 times the rated rupturing-capacity 
current. It should be able to carry its rated short- 
circuit current for not less than 1 sec. and preferably for 
6 sec. The contacts should not lift or " splutter " on a 
through short-circuit current with a first peak of 2*56 
times the rated rupturing-capacity current^^ ^ 

if 

Arcing Contacts 

Thebest form of contacts to meet all the above require¬ 
ments, particularly for motor starting and inching duty, 
is the butt (or contactor) type. Tests on contact 
arrangements in which the magnetic loop effect and 
pinch effect blow off the contacts show that serious 
welding and burning of the points of contact occur at as 
low as 16 000 (peak) amperes. Better performance can 
be obtained by carefully bedding the contacts, but as 
after the first opening operation the surfaces are all 
pitted and burned such bedding is of no practical value. 

Considerable improvement is obtained by a modifica¬ 
tion such as that shown in Fig. 1, where the loop blow-off 
effect from 6 to o is reversed at the pivot h and counteracts 
the current pinch and blow-off effect from 6 to a. Such 
contacts, with reasonable spring pressure, can carry 
20 000 amperes satisfactorily without spot welding 
taking place. Up to 26 000 (peak) amperes only very 
slight spot welding takes place, which is easily broken 
by the inherent wipe or shear action of the contacts on 
opening. 

The only practicable way of improving this perfor¬ 
mance is to use such high contact pressures that consider¬ 
able crushing of the metal at the contact points takes 
place. Increasing the thermal capacity of the contacts 
by increasing their size does not effect any improvement 
in respect of non-welding. The most economical way,, 
therefore, to deal with peak currents of more thah 
25 000 amperes is to resort to multiple contacts. 

The upper limit of 26 000 amperes per contact is true 
only of breakers which are designed to close on to a short- 
circuit and latch home, i.e. are fitted with delayed or 
relay tripping devices. For breakers fitted with instan¬ 
taneous tripping devices, by virtue of the short time that 
they have to carry the current, it is possible to increase 
the rating of a single contact to a figure of 50 000 (peak) 
amperes. 

Main Contacts 

Heat runs have demonstrated that arcing contacts 
in accordance with Fig. 1, when designed robustly enough 
to deal with 25 000 (peak) amperes, have a normal 
continuous-load capacity of 200 amperes. The effect 
of this is that once the rupturing capacity, and thus the 
peak making capacity, of the breaker has been deter¬ 


mined, the number of arcing contacts is fixed and, con¬ 
sequently, the normal continuous current-carrying 
capacity of the contacts is fixed and it is not necessary 
to add main contacts unless it is desired to have a 
continuous capacity greater than this figure. 

Fig, 2 shows an arrangement of main contacts which 
is suitable for use with the t 5 q)e of arcing contacts 
described above. Such contacts, when silver-faced, wall 
again carry 25 000 (peak) amperes per contact satis¬ 
factorily. In this case, the magnetic blow-off effect is 



Fig. 1.— Contact arrangement for breakers without main 

eontaetsi 

II; 

reduced to extremely small proportions by making the 
■bridging member as short as possible and carrying the 
main lead-in conductors as far away as possible. Here 
again, the main contacts must be sub-divided in exactly 
the same way as the arcing contacts because, in the case 
of break shots, the main contacts have to carry the peak 
rating of the breaker, which occurs before the tripping 
impulse can have released the breaker and transferred 
the current to the arcing contacts. 

Mechanism 

The mechanism must fulfil four requirements: First, 
it must be made strong enough to close the breaker 
against the electromagnetic forces associated with the 
peak current rating of the breaker and, at the same 
time, must overcome the very considerable shearing 
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forces involved in wiping the burned contacts. Secondly, 
in the case of it being power-operated, the mechanism 
must not wreck itself when closed on no-load with new 
contacts, the closing energy being calculated to close the 
breaker fully against a short-circuit with burnt contacts. 
Thirdly, it must be correctly buffered at the end of the 
opening stroke so that the acceleration due to opening 



Fig. 2. —Contact arrangement for breakers with main 

contacts. 


the free movement of the arc is not impeded by strangu¬ 
lation. In effect, this means that the distance between 
the plates should equal the diameter of the arc at its 
rated rupturing capacity. Thirdly, the horns should be 
of such a length that the cathode spots formed at their 
ends are far enough apart not to cause restriking. 

Figs. 3(a) and B{b) show a horn and chute structure 
that meets these requirements fitted to an 800-ampere 
breaker with four arcing contacts in parallel. It will 
be noted that no magnetic blow-out cofi. is provided, the 
inherent blow-out effect of the loop formed by the arc 
and its leads being more than sufficient to force the arc 
into the chute at currents between- 2 000 and 37 000 
r.m.s. amperes at 440 volts recovery voltage. It was 
found that below 2 000 amperes the magnetic field round 
the arc roots was insufficient to shift them once a cathode 
spot h^'feeen formed, and the arc continued to burn 
indefinitetji^^^^qss AB. 

Taking a sectioTi^ across the horn at A, the condition 



Fig. 3 

(а) Arrangement of arcing horns. 

(б) Front sectional elevation on CD. 
(c) Section of arcing horn at A. 


on short-circuit does not wreck it. Fourthly, it must be 
trip-free. 

Arc Chutes 

Experiments have shown that to ensure arc rupture 
the provision of an arc chute is quite unnecessary. 
Without any arc chutes, currents up to 37 kiloamperes 
were successfully broken in 2^ cycles at 440 volts re¬ 
covery voltage. The arc is so uncontrolled, however, 
that it causes arcs to earth and between phases unless 
clearances and spacings are quite prohibitive. ' . 

The requirements of a successful arc chute are as 
follows: First, the minimum magnetic field should be 
applied which is able to keep the arc continuously 
moving up into the chute and ensure that it is extended 
sufficiently to extinguish at the first or second current- 
zero. Any greater magnetic field than this unduly 
elongates the arc, developing unnecessary arc energy 
with the evil effects of high restriking transients due to 
pre-zero current-suppression. Secondly, the distance 
between the plates of the chute should be small enough 
to prevent the arc unduly lengthening itself by zig¬ 
zagging, and yet it must be large enough to ensure that 


obtained is illustrated in Fig, 3(c). The root of the arc 
is then acted on by a field proportional to the current 
divided by the perimeter 1. It is obvious that if Z is made 
one-fifth as great, the field can be increased to approxi¬ 
mately 6 times the strength. This can be carried out in 
practice by splitting the horn into five parts, as shown in 
Fig. 4 (see Plate 1, facing page 468). This simple modifi¬ 
cation makes the breaker quite satisfactory down to zero 
current. A further improvement is obtained by making 
the horns of steel, thus again strengthening the field at 
the root of the arc. 

This form of chute has a relatively mild action on the 
arc and does not cause serious voltage-rise on breaking. 
Fig. 6 shows three cathode-ray bscillograms taken at 
approximately 27 000 arc amperes, 380 volts recovery 
voltage, single-phase. It will be seen that the maximum 
voltages do not exceed 1 • 8 times normal. 

Phase Barriers 

The effectiveness of the arc chutes is greatly increased 
by fitting correctly-designed phase barriers between them. 
The arc in the arc chute is accompanied by the release 
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of quite considerable arc energy, most of which is 
expended in heating up the neighbouring air to incan¬ 
descence, resulting in high pressures. Some more of the 
energy is used up in volatilizing the contacts and arcing 
horns. This results in incandescent air and metal 
vapour being ejected from the top of the arc chute. On 
heavy currents, the arc itself also partially leaves the 
top of the chute. It is necessary to ensure that these 
gases are cooled and the metal vapour condensed before 
they are allowed to strike earthed metal or mingle with 
those from a neighbouring phase. This can be con¬ 
veniently carried out by means of continuous U-shaped 
phase barriers which form an expansion chamber and 
direct the gases down the sides of the chutes and cool 
them by mingling with cold air. Fig. 6 (Plate 1) shows 
a suitable set of barriers applied to a 25-MVA 440-volt 
breaker. 

Overload Trips 

To give discriminative protection the tripping means 
must have a definite and adjustable tripping time even 
at the full rated short-circuit current. Provided the 
breaker has sufficient thermal capacity, this requirement 
can be met by using current transformers and some form 
of relay such as an induction relay with definite minimum 
time-delay. ; Such arrangements are, however, in- 
herentl 3 r expensive and, usually require an auxiliary 
tripping supply. 

The normal forms of series tripping devices using 
suction discs or oil dashpots are unsuitable as they 
become instantaneous at high overloads owing to 
cavitation between the disc or plunger and the oil 
surface. This difficulty has been overcome by an 
arrangement suggested to the authors in which the 
piston is pushed into the dashpot instead of being pulled 



Fig* 7.—Characteristics of compression-type dashpot fitted 
to 1 600-amp. air circuit-breaker using medium-viscosity 
dashpot oil. 

Curve H : hlgb setting of dashpot. 

Curve M; medium setting of dashpot. 

Curve L: low setting of dashpot. 

Series trip set to operate at 2 400 amp. 
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Arc amperes*(r.m.s) 

Fig. 8.—Performance of 400/660-volt.air circuit-breaker. 


■out, thus putting the oil into compressioii. The charac¬ 
teristic of such a dashpot is shown in Fig. 7. 

Breakers fitted with such dashpots can be made to 
discriminate one against another, and against any high- 
rupturing-capacity fuses which may be installed in 
series. 

PERFORMANCE TESTS 

Fig. 6 (Plate 1) shows a breaker designed for 35 MVA 
at 660 volts, 3-phase, or 25 MVA at 400 volts, 3-phase. 
This is equivalent to 36 000 amperes (r.m.s. symmetrical) 
breaking current and 92 000 amperes (peak) making 
capacity. 

Fig. 8 shows the arcing time plotted against the short- 
circuit current, whilst Table 1 reproduces test-results 
incorporating 3-unit duty cycles as specified in B.S. 
No. 116—1937. 

Theoretical considerations suggest, and actual tests 
show, that breakers of this type have a practically 
consistent short-circuit current rating independent of 
voltage. This means that the rupturing capacity in 
kVA varies directly as the voltage. Thus, the; breaker 
shown has a rating of 36 000 r.m.s. amperes, equivalent 
to 15 MVA at 230 volts, 25 MVA at 400 volts, or 35 
MVA at 660 volts. 

Fig. 9 shows the curve of total break time plotted 
against short-circuit current. The total break time is 
measured from the moment of energizing the trip coil 
until the arc is finally cleared. 

A similar breaker was subjected to the following tests 
on an 800-volt 3-phas6 low-power-factor circuit: Make 
and break 1 400 amperes 1 000 tirhes; make 400 amperes, 
break 250 amperes, 200 times; open and close on no-load 
800 times. At the conclusion of these tests the contacts 
showed only slight burning, not more than 0-010 in. 
deep, whilst the arc chutes showed no erosion. 


Fig. 10 (Plate 1) shows a photograph of the contacts 
after the tests. 

This characteristic performance of the air circuit- 
breaker makes it eminently suitable for controlling 
rolling-mill motors and similar duties. 

For this type of duty the oil circuit-breaker cannot be 



Arc amperes (r.m.s.) 


Fig. 9.—^Total break times at 440 volts for 800-amp. air 

circuit-breaker. 

compared with the air circuit-breaker. For the same 
amount of contact erosion, the oil breaker could only 
perform from one-twentieth to one-fiftieth the number 
of operations. 

HIGH-RUPTURING-CAPACITY PUSES 
General 

High-rupturing-capacity fuses up to 600 amperes 
continuous rating are now available. These fuses can 
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Table 1 

Short-Circuit Tests applied to Air-Break Circuit-Breaker (totally enclosed) 

00 volts, 25 MVA, 36 000 amperes (symmetrical) 92 000 amperes (peak) making; or 660 volts, 36 MVA, 

31 000 amperes (symmetrical), 80 000 amperes (peak) making 
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Plate 1 



{Facing page 40S.) 


Journal I.E.E., VoL. 87. 


Fig. 10.—Contacts after load ma.l5;ing and breaking tests. 


Fig. 4. 


—Three-phase air circuit-breaker, showing slit 
arcing horns. 


Fig. 6. 


Three-phase air circuit-breaker, showing 
phase barriers. 










Fuse-wire holder 
(uiuler-sidfi of cap) 


Fig. 11. high-ruptui'ing-capacity rewircable fuse, 
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Table 1 [contd.). 



be used on circuits with a prospective short-circuit 
current up to 36 000r.m.s. amperes at 440 volts with 
perfect safety. 

For circuits rated up to 10 amperes, open fuse-wires 
in insulation holders are quite satisfactory provided 
care is taken to prevent the metal vapour and arc gas 
striking to earth or between phases. Fig. 11 (Plate 2) 
shows a fuse which has been designed with this point in 
view. 


For circuits rated above 10 amperes it is necessary to 
resort to the cartridge form of fuse, in which the current 
is carried by many parallel elements, all embedded 
in an arc-quenching: powder. As already mentioned, 
these fuses act so quicldy that the short-circuit current 
is cut off by the fuse before it reaches its maximum or 
prospective value. Table 2 gives typical values and has 
been compiled by examining a large number of test 
results. 
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Table 2 

Peak current passed by Fuse, and Duration of 
Short-Circuit, for Hi gh-Rupturing-CapacityFuses 

TESTED INCiRCUITS WITH PrOSPECTIVEShORT-CiRCUITS 
of 26 MVA AT 440 VOLTS 


Normal fuse 
rating 

Peak current 

Duration of short- 
circuit 

« 

amp; 

amp. 

sec. 

15 

3 000 

0-003 

BO 

3 600 

0-003 

BO 

B 000 

0-003 

60 

7 000 

0-003 

80 

9 000 ' 

0-004 

100 

12 000 * 

0-006 

125 

160 

15 000 

20 000 


200 

24 000 

^ 0-010 

300 

30 000 

0-012 

360 

35 000 

0-013 

400 

40 000 

0-014 


Use on Circuits of Low Current-Carrying Capacity 

It is now quite common to have motors as small as 
5 h.p. connected on to a system with a short-circuit 
rating of 26MVA. Such a motor could be controlled 
by a circuit-breaker rated at 10 amperes, fitted with 10- 
ampere thermal trips. This breaker would not interrupt 
an r.m.s. short-circuit current in excess of 200 amperes, 
whereas the circuit can deliver up to 36 000 r.m.s! 
amperes and 92 000 peak amperes. When a SO-ampere 
high-rupturing-capacity fuse is placed in series with such 
a breaker, the current-limiting effect of the fuse” limits 
the short-circuit current to withm the through-cfiCTeit 
capacity of the breaker. 


making-capacity rating without blowing-off or undue 
burning. Secondly, they must be such that an inherent 
arc blow-out effect is obtained without any multi-turn 
blow-out coils. Thirdly, they must carry their con¬ 
tinuous rating without overheating. 

A form of contact which meets these requirements is 
shown in Fig, 12. Magnetic blow-ofi forces are kept to a 
minimum fey keeping the dimensions AF and AE small. 
Afeove 10 000 (peak) amperes, multi-contacts are used to 
sub-divide the current. The good current making apd 
breaMng characteristics are obtained by using butt 
contacts with a wiping action upon closing. Hooking 



Pig. 12.—Contacts for switch-fuse. 

the copper contact back on to. itself ensures that arcs 
which start at AB travel up to CD. 


ARC CHUTES 


NON-AUTOMATIC SWITCHES FOR USE IN 
SWITCH-FUSES 

A large number of circuits, such as lighting, heating, 
and feeders to distribution boards and^ groups of motors 
and, in special cases, direct-pn-line starting inductioii 
motors, can be controlled by switches in series with high- 
rupturing-capacity fuses without any further automatic. 
fea,tures. For many of these circuits the ordinary 
switch-fuse, capable of making and breaking only 1|- 
times its continuous rated current, is quite inadequate. 
/ Large incandescent electric lamps have a current 
inrush of 7 to 10 times the final current and, when 
inching direct-on-»line starting induction motors, up to 10 
times fuU-load current inay have to be made and broken. 
The switch must also be capable of making and carrying 
the short-circuit Current permitted by the maximum size 
of fuse that can be accommodated in the sivitcb-fnse.! 
The effect of this is to convert the switches to the equiva¬ 
lent of non-automatic circuit-breakers with a low ratio 
of rupturing capacity to normal continuous current 
rating.^ These have to be designed to meet the following 
conditions. First, they must be able to meet their 


; -Exactly the same considerations apply to the design 
of arc chutes as apply to the larger circuit-brealcers 
already described, except that they can be scaled down 
to deal with the smaller currents: 


SWITCH-FUSE MECHANISMS 

Whilst the quick-make/quick-break mechanisms which 
are very common on low-duty switch-fuses are satis¬ 
factory for certain applications, they are not suitable 
for the high-duty switch-fuse with'which this paper 
deals.. Such mechanisms fail because they are unable 
to force the contacts right home when they have been 
burned by repeated current making and brealdng. This 
failure is due to the roughening and presence of copper 
beads. Many cases are on record where the switches 
have been entirely wrecked through beads on one contact 
holding the other faces so that they are only just touching, 
with resultant continuous arcing from the load current. 
A better type of mechanism is that in which the circuit 
is positively made under the control of the operator but 
has a quick-fereak feature. This is the arrangement 
which has been used universally on hand-operated oil 
circuit-breakers. 
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Table 2 

Peak curreht passed by Fuse, and Duration of 
S HORT-Ci Rcui T, Fo R Hi gh-Ru p tu rin g-C ap a city Fuses 
TESTED INCiRCUITS WITH PrOSPECTIVEShORT-CiRCUITS 
OF 25 MVA AT 440 volts 


Normal fuse 
rating 

Peak current 

Duration of short- 
circuit 

• 

amp' 

amp. 

sec. 

15 

B 000 

0-003 

30‘ 

3 500 

0-003 

60 

6 000 

0-003 

60 

7 000 

0-003 

80 

9 000 ' 

0-004 

100 

12 000 * 

0-006 

125 

160 

15 000 

20 000 

•0-^ 

200 

24 000 

^ 0-010 

300 

30 000 

0-012 

360 

35 000 

0-013 

400 

40 000 

0-014 


Use on Circuits of Low Current-Carrying Capacity 

It is now quite common to have motors as small as 
6 li.p. connected on to a system with a short-circuit 
rating of 25 MVA. Such a motor could be controlled 
by a circuit-breaker rated at 10 amperes, fitted with 10- 
ampere thermal trips. This breaker would not interrupt 
an r.m.s. short-circuit current in excess of 200 amperes, 
whereas the circuit can deliver up to 36 000 r.m.s. 
amperes and 92 000 peak amperes. When a 30-ampere 
high-rupturing-capacity fuse is placed in series with such 
a breaker, the current-limiting effect of the fuse limits 
the short-circuit current to within the through-current 
capacity of the breaker. 

NON-AUTOMATIC SWITCHES FOR USE IN 
SWITCH-FUSES 

A large number of circuits, such as lighting, heating, 
and feeders to distribution boards and groups of motors 
and, in special cases, direct-on-line starting induction 
motors, can be controlled by switches in series with high- 
rupturing-capacity fuses without any further automatic 
features. For many of these circuits the ordinary 
switch-fuse, capable of making and breaking only 1-|- 
times its continuous rated current, is quite inadequate. 

Large incandescent electric lamps have a current 
inrush of 7 to 10 times the final current and, when 
inching direct-on-line starting induction motors, up to 10 
times full-load current may have to be made and broken. 
The switch must also be capable of making and carrying 
the short-circuit durrent permitted by the maximum size 
of fuse that can be accommodated in the switch-fuse. 
The effect of this is to convert the switches to the equiva¬ 
lent of non-automatic circuit-breakers with a low ratio 
of rupturing capacity to normal continuous current 
rating. These have to be designed to meet the following 
conditions. First, they must be able to meet their 


making-capacity rating without blowing-off or undue 
burning. Secondly, they must be such that an inherent 
arc blow-out effect is obtained without any multi-turn 
blow-out coils. Thirdly, they must carry their con¬ 
tinuous rating without overheating. 

A form of contact which meets these requirements is 
shown in Fig. 12. Magnetic blow-off forces are kept to a 
minimum by keeping the dimensions AF and AE small. 
Above 10 000 (peak) amperes, multi-contacts are used to 
sub-divide the current. The good current maldng and 
breaking characteristics are obtained by using butt 
contacts wuth a wiping action upon closing. Hooking 



Fig. 12.—Contacts for switch-fuse. 

the copper contact back on to itself ensures that arcs 
which start at AB travel up to CD. 

ARC CHUTES 

Exactly the same considerations apply to the design 
of arc chutes as apply to the larger circuit-breakers 
already described, except that they can be sealed down 
to deal with the smaller currents. 

SWITCH-FUSE MECHANISMS 

W’^hilst the quick-make/quick-break mechanisms which 
are very common on low-duty switch-fuses are satis¬ 
factory for certain applications, they are not suitable 
for the high-duty switch-fuse with which this paper 
deals.. Such mechanisms fail becanse they are unable 
to force the contacts right home when they have been 
burned by repeated current making and brealdng. This 
failure is due to the roughening and presence of copper 
beads. Many cases are on record where the switches 
have been entirely wrecked through beads on one contact 
holding the other faces so that they are only just touching, 
with resultant continuous arcing from the load current. 
A better type of mechanism is that in which the cii'cuit 
is positively made under the control of the operator but 
has a quick-break feature. This is the arrangement 
which has been used universally on hand-operated oil 
circuit-breakers. 
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GENERAL PRINCIPLES OF SWITCHGEAR' 
DESIGN 

Before the unit apparatus previously described can be 
applied to industr}^, it is necessary to collect and assemble 
the components into complete switchgear equipments, 
which, in turn, must be suitable for assembling into 
various combinations thus forming complete switch¬ 
boards. 

Apart from the requirements of each component piece 
of apparatus, the majority of which are allied to per¬ 
formance, certain general principles of switchgear design 
have been firmly established by experience. Such 
principles, whilst varying in some degree dependent on 
type, service, and duty of the switchgear, can be reduced 
to fundamentals and, in the specific class of gear with 
which this paper is concerned, can be defined as follows: 
(a) Enclosure of live parts; (&) safety of operation; 
(c) ease of maintenance; (d) minimum hazard to adj acent 
apparatus. 

Enclosure of Live Parts 

The entire equipment should have all live parts, 
enclosed in an earthed metal casing which is substantially 
dust-proof, moisture-proof, and vermin-proof. This 
renders the gear suitable for installation in any industrial 
location with the exception of positions where explosive 
atmospheres occur. 

Safety of Operation 

The first requirement of safety of operation is met by 
total enclosure, but this should be supplemented by 
interlocks to ensure that operations are carried out in 
the correct sequence and that access for maintenance to 
parts normally alive can be obtained only after proper 
isolation. 

Such interlocks should provide for the following:— 

(i) Access to the circuit-breaker or fuses should not be 
obtainable until they are completely isolated. 

(ii) In equipments incorporating circuit-breakers, it 
should not be possible to operate the isolating devices 
unless the circuit-breaker is open. 

(iii) Once the door giving access has been opened, it 
should not be possible to close the isolating device until 
the door is reclosed. 

(iv) The breaker cannot be operated unless the isolating 
device is either fully “ open ” or fully “ closed.” 


In addition, effective gas barriers between the busbar 
chambers of adjacent equipments are essential to 
prevent any possibility of arcs spreading betw^een 
equipments. Each compartment, e.g. circuit-breaker 
busbar chamber, and air circuit-breaker, should be 
effectively separated from its neighbours, thus localizing 
any possible damage due to electrical faults. 

Where breakers are fitted, effective arc barriers 
between phases of the breaker are essential and should 
be formed from continuous sheets of insulation, suitably 
supported, to prevent arc-over between phases. 

To disperse any gas products and prevent any possi- 


Isolated 
,/ position 
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door 
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transformers, 
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Fig. 14.—Sectional view of solenoid-operated equipment. 


Ease of Maintenance 

(i) Where fuses are fitted, they should be readily 
replaceable when blown. 

(ii) Where breakers axe fitted, they should be so 
arranged that they can be closed or opened either in the 
alive or in the isolated position. In the case of elec¬ 
trically-operated breakers, this should also apply to the 
emergency hand operating gear. 

(iii) Where isolation is obtained by plugging the 
breaker, the breaker should be readily removable from 
its cubicle. 

Minimum Hazard to Adjacent Apparatus 

The complete absence of oil and the use of free air as 
an insulating medium reduces fire hazard to a minimum. 


bility of rise in pressure inside the containing case, 
spring-loaded pressure-relief vents should be incor¬ 
porated in the top of the circuit-breaker compart'ment 
set to open at a pressure value determined by test. It 
is interesting to note that such vents have proved 
extremely satisfactory under actual full-scale test 
conditions. 

Examples of Equipments 
A complete solenoid-operated air circuit-breaker 
equipment which meets these requirements is shown in 
Fig. 13 (Plate 2), whilst Fig. 14 shows the cross-section. 
It will be noticed that all live parts are enclosed in a 
sheet-steel housing provided with dustproof covers to the 
busbar and circuit chambers and a dustproof door to 
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the circuit-breaker compartment. The circuit-breaker is 
mounted on a panel and is isolated by hinging forward 
about the pivot O by the handle (9), thus unplugging it 
from the busbars and circuit. The handle (9) interferes 
with the door, so that it cannot be opened until the 
handle is lowered, and once the door is open the handle 
cannot again be raised. This equipment is rated at 
25 MVA at 400 volts. 

These air circuit-breakers can be very simply adapted 
to double-busbar equipments. Fig. 15 shows a cross- 



Fig. 15.—Sectional view of hand-operated double-busbar 
equipment plugged on to lower busbars (interlock not 
shown). 

section of such an equipment. As before, isolation 
is obtained by hinging the breaker forward about the 
hinge point O. In this case, however, the hinge point 
O is pivoted on the lever arms A, so that when the 
breaker is in the unplugged position it can be bodily 
raised or lowered to bring it opposite either the 
lower or the upper busbar, thus effecting busbar selec¬ 
tion. 

A complete switch-fuse unit embracing a 200-ampere 
non-automatic air-break switch and high-rupturing- 
capacity fuses is shown in Fig. 16 (Plate 2). When the 
cover is on, the case is divided into two compartments 
by an insulating barrier, the switch being located in one 
part and the fuses in the other, access to the latter 
compartment being obtained through a hinged-front lid. 


The operating handle is brought to the outside of the 
case, all live parts being enclosed and the necessary 
interlocks provided to ensure complete safety to the 
operator. The proportions of the closing mechanisms 
and the design of electrical contacts allow the switch to 
be closed safely on to a fault having a prospective short- 
circuit current equivalent to 25 MVA. 

The chief essential in this class of gear is the rapid 
replacement of blown fuse-links; and safe, easy, access 
to the fuse-link compartment must be provided. The 
use^of thumbscrew versus standard nut connections for 
the fuse-links is debatable, there being arguments for 
each school of thought. Efiective barriers between 
phases of the actual contacting members of the switch 
are provided by the arc chutes associated with each 
phase, whilst the busbar supports between equipments 
provide effective barriers which, by preventing the 
spreading of gas, restrict faults to the originating equip¬ 
ment. 

No actual barriers are required between the high- 
rupturing-capacity fuse-links; such fuses, being of the 
-filled and shielded type, act as their own barriers. 
Repeated short-circuit testing of such devices has proved 
their ability to function correctly and quietly, with no 
tendency to produce external flame or gas. 

The busbar chambers for use with these switch-fuses, 
which are of unit construction and are bolted together, 
are supported either by floor-mounting pedestals or 
by wall-mounting brackets and form a self-supporting 
structure. The switch and fuse units are bolted either 
above or below the busbars, the position being dictated 
by the layout required. 

Instruments can be accommodated in specially shaped 
attachments which fit either above or below the units, 
depending upon requirements. Where the switch-fuse 
urdt is required for motor starting, it is preferable to 
incorporate an additional switch to act as busbar isolator, 
thus allowing the motor starting switch and the fuses 
to be examined and maintained without shutting down 
the busbars. 


DISCRIMINATIVE PROTECTION 

In order to obtain discrimination between air circuit- 
breakers controlling incoming circuits or outgoing feeders 
and switch-fuses controlling individual pieces of appa¬ 
ratus, it is necessary to ensure that the air circuit- 
breakers have a definite minimum time-delay, even at 
the full system short-circuit current. In general, this 
requirement is not met by time-delay fuses shunting 
direct-acting trip coils or by suction disc or dashpot 
time-lag devices, as these all tend to become instanta¬ 
neous on short-circuit, even when due allowance is made 
for the saturation of current transformers in the former 
case. * 

It has been usual to overcome this difficulty by fitting 
induction overload relays operated by current trans¬ 
formers. A much more economical, although slightly 
less flexible, arrangement, is to use compression-type 
oil dashpots in which the dashpot plunger is forced into 
the pot instead of being pulled out. This means that, 
however great the tripping force, the oil must be forced 
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past the plunger and it is not possible for the plunger 
to be pulled out instantaneously by pulling a vacuum 
between its lower surface and the oil. 

As has already been pointed out in the paper, whenever 
such devices are fitted the breaker should be able to 
make and hold its rated short-circuit current for a 
period of not less than 1 sec. 
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DISCUSSION BEFORE THE INSTITUTION, 7TH MARCH, 1940 


Mr. J. O. Knowles: The authors, in their Introduc¬ 
tion, express some fear that engineers may be indifferent 
to the problems of l.v. switchgear design, but this subject 
is nowadays attracting increasing attention. During the 
past few months I have had a number of letters, from 
engineers in various parts of the country, which I think 
typical of increasing interest in the development of air- 
break l.v. circuit-breakers. 

I hope that the authors will not let their enthusiasm 
for air-break switchgear induce them to advocate l.v. 
circuit-breakers of 4 000 amperes and 50 000 kVA, in new' 
installations at least. While such gear is feasible, it is 
not desirable. 

I should like to point out that it is not good industrial 
practice to allow main l.v. breakers to remain untripped 
on short-circuit for periods up to 5 sec. Conditions are 
different in power-station work, where the breakers may 
remain untripped during disturbances on the line, caused 
by short-ciicuits elsewhere on the h.v. gear, which have 
•caused a severe drop of voltage. Low-voltage gear is 
most commonty installed in proximity to personnel, and 
when a short-circuit occurs on the load side of the l.v. 
switchgear such arc energy can be developed in a 
subsidiary circuit such as the cast-iron cover of a 
small distribution switch that this may be blown to the 
other end of the room. From the point of view of 
the safety of personnel and of restarting without major 
damage it is better for the back-up circuit-breaker to 
trip before the expiry of 5 sec., even if this means making 
a restart after having cut out the faulty section. In some 
places in connection with process work, etc., this inter¬ 
ruption may be very undesirable, but even then the 
design of the protective gear should be carefully reviewed 
to see whether sufficient discrimination cannot be ob¬ 
tained without such a long time-delay. 

The authors point out that on short-circuit rating the 
arc energy depends upon the current and time only, and 
not upon the circuit voltage. I should be glad if they 
could give a more mathematical treatment of that point. 
One cannot ignore, in general, the effect of the arc 
voltage, particularly when the arc is not under such 
definite control as it is in the circuit-breakers of which the 
.authors speak. Low-voltage gear is often sold in three 
voltage sizes, namely 230,. 440 and 660 volts, and 400-volt 
gear is not necessarily suitable for 660-volt worldng. The 
authors appreciate the difference between “ scaling 
down,” as from 660 volts to 440 volts, and “ scaling up,” 
as in the following example: Assuming a single contact has 
•a current-carrying capacity of 200 arnperes, four such 
'Contacts in parallel have not a capacity of 800 amperes 
•owing to the difference in millivolt drop between the 
various contacts, but if four contacts will carry 800 


amperes one contact will (as the authors say) carry 
200 amperes easily. 

Would the authors advocate a 400-ampei'e oil-less 
circuit-breaker for 25 000 kVA ? If such a breaker were 
allowed to trip instantaneously on short-circuit I think it 
would be satisfactory. 

The author^tate that Group 1 circuit-breakers have 
an economic ruptffring capacity of 16 to 20 times the 
full-load capacity; I would mention that miniature 
breakers have been placed on the market which have been 
tested up to 2 000 amperes. 

The authors speak of these small Group 1 circuit- 
breakers as having a total life of more than 10® opera¬ 
tions, and a contact life of less than 10® operations. It is 
clear that the authors refer primarily to circuit-breakers 
rather than contactors, the former being designed for 
relatively infrequent operation and the latter for re¬ 
latively frequent operation. While the borderline may 
be indistinct, the two types are often complementary 
and both may be built-up into the same switchboard. 

Referring to Fig. 1, I should like to Imow whether any 
means of adjustment of the toggle mechanism is provided. 

Turning to the contact arrangements shown in Figs. 1 
and 2, I see that the main circuit is carried through the 
pin underneath the rocker pin, and I think there is some 
doubt as to whether this would be satisfactory in all 
respects. If the circuit-breaker is very infrequently 
operated with currents of the order of 800 amperes and 
upwards, there is the possibility of eventual overheating 
at the butt joint near the pin. Also, wear is liable to 
occur on the pin under conditions of frequent operation. 

I must assume that the braids shown in Fig. 3 will 
have to withstand short-circuit forces momentarily. 
Also, are the arcing contacts easily accessible ? 

The U-shaped phase barriers shown in Fig. 6 seem to 
be almost an afterthought. The authors suggest that 
under the influence of these U-shaped barriers the arc 
will be diverted downwards, but it seems to me that it is 
much more likely to come out at the front. It would be 
interesting to know whether on the higher-voltage 
systems the authors have found it necessary to line the 
front of the case as well. 

With regard to the switch-fuse shown in Fig. 16 
(Plate 2), were iron cheeks fitted to the switch barriers to 
prevent the arc from blowing downwards? The fuses 
in these switch-fuses should not be run too close to their 
minimum fusing current, in view of the proximity of the 
fuse terminals to the butt-contact on the switches. The 
authors’ statement that the switch-fuses are ” positively 
made under the control of the operator ” means that 
“ the switches are of the slow-make type,” and, as such, 
they appear to me to be preferable to butt-contact 
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switches with a quick-make action, because the latter 
would be subject to " bounce ” on the butt contacts. 
What is the rupturing capacity of the small rewirable 
fuses in Fig. 11? 

With regard to maintenance, in the equipments shown 
in Figs. 14 and 16 I should have preferred the spring 
isolator contacts to have been on the movable portion, 
particularly on duplicate-busbar equipments, where it 
must be difficult to renew the springs ‘without shutting 
do\vn the busbars. Moreover, questions of overheating 
are important under the heavy-current conditions in 
which these circuit-breakers are to be used, and this is 
particularly so where users are apt to leave the isolator 
plugs in contact from one year’s end to the next. 

Mr. J. W. Leach: My experience of distribution in 
densely loaded areas confirms tkat short-circuit values 
of 25 000 kVA have to be met, but that a brealcer which 
will meet that duty in association with*i?j.gh-rupturing- 
capacity fuses for the distribution network, and cut-outs 
on consumers’ premises, will be adequate for the condi¬ 
tions likely to arise for a very long time ahead. 

The breaker described in the paper appears to have 
small space and head-room factors. It is therefore 
particularly suitable for use in densely loaded areas 
where space is restricted and valuable, and thus supplies 
a long-felt need. 

How close can earthed metal be mounted in front of 
such a breaker ? This question has some bearing on 
manual operation of the breaker. 

A compression type of dashpot has been developed and 
used by my own staff with excellent results; it has given 
a great improvement in discrimination at times of heavy 
faults. 

Have the authors any figures indicating the degree of 
stability on through faults and the degree of accuracy 
on overload time settings for these circuit-breakers ? 

I assume that the statement on page 462 concerning 
repeated closing above normal fuU-load rating does not 
apply to Group 3 breakers. 

I do not altogether agree with the statement (page 470) 
that it is now quite common to have motors as small as 
6 h.p. connected to a system with a short-circuit rating 
of 25 MVA; in most cases the intermediate small cable 
connections will reduce the short-circuit current, and the 
number of such motors must be very small. In my 
opinion it is not necessary to use fuses in association 
with Group 1 breakers. 

I gather that the authors have conducted tests on 
breakers with high-rupturing-capacity fuses, and I 
assume that the items were connected in series. Have 
fuses been blown out of their holders in any of these tests ? 

It would be interesting to know whether the breakers 
referred to on page 467 have pressure line contacts. 

With regard to the assembly of the board shown in 
Fig. 16 (Plate 2), could the fuses be put between the 
breaker and the busbar ? ' If this were done it would be 
possible to use the fuses as isolating links. 

In conclusion, I would say that wherever a satisfactory 
air circuit-breaker is available it should be used in 
preference to an oil circuit-breaker on the grounds of 
economy in maintenance and initial costs, less space 
occupied, and smaller fire risk. 

Mr. R. T. Lythall: I am pleased that in the Iiatroduc- 


tion the authors draw attention to the relation which 
exists between MVA and voltage in determining the 
severity of duty. Almost every day I come across cases 
in which reference is made to 25 MVA with some indifEei - 
ence, as if such a rating were easy of accomplishment by 
designers. The inability of many users to think in 
terms of current is, I think, entirely responsible for this 
situation. It would be an excellent thing if in B.S. 
No. 116—1937 and the new low-voltage Specification 
which is now in course of preparation the ratings could 
be axpressed in terms of current. Such a change would 
eliminate arguments as to the ability of a circuit-breaker, 
tested at one voltage, to act at a lower voltage. Within 
reasonable limits it should be clear that a circuit-breaker 
proved capable of clearing x amperes at one voltage, 
should be equally successful in clearing the same current, 
at a lower voltage. 

The authors claim that the results of failure with low- 
voltage breakers may be less spectacular than the results, 
of failure with high-voltage breakers. My view is that 
few low-voltage breakers fail in a spectacular manner, if 
*at all, as the result of breaking on short-circuit. The 
greatest danger lies in making, having in mind the simple 
nature and general form of the operating mechanism in 
present designs. If with such switches as those men¬ 
tioned on page 462 the current had reached the maximum' 
value of 2 • 55 times the breaking current, then we should 
have had reports of spectacular breakdowns. The 
present designs have stood the test of time, and I think 
the ratio mentioned above is nearer 1'6 than 2‘55. 

On page 464, under the heading " Mechanism,” refer¬ 
ence is made to the need for the mechanism to be able 
to close the breaker against the electromagnetic forces, 
associated with the peak current rating of the breaker. 
Would the authors demand this of the mechanism in the 
case of a 3-phase fault when closing the circuit-bi-eaker 
with high-rupturing--capacity fuses; or in a case in which 
the design was such that the blowing of one fuse 
inimediately tripped the three phases of the breaker 
proper ? 

The authors do not indicate in regard to either of the 
designs described whether the contacts are plated in any 
way—either silver plating or electro-tinning. 

Fig. 16 illustrates a circuit-breaker which is limited, 
by reason of the fuses, to a normal capacity of 400 
amperes. I should be glad if the authors would state 
why they chose that limit and not some higher limit 
(e.g. 600-800 amperes) determined by the fuse ratings 
available. 

I should welcome the views of the authors on the 
problem of a circuit which is being maintained on twO' 
healthy lines. This condition must occur in the case of 
an ordinary switch-fuse if one fuse only is blown, and 
motors may then continue to run single-phase until such 
time as the operator has appreciated what has happened. 
During this period there is an overload on both cables 
and machine. 

In my view the type of gear discussed in the paper has 
considerable possibilities, so much so that oil circuit- 
breakers will probably be largely abandoned in the course 
of a few years. I feel, however, that it is necessary for 
users of low-voltage switchgear to appreciate the diffi¬ 
culties surrounding high breaking capacity at low voltages. 
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and be prepared to meet the cost, which in the past the}'- 
have not been accustomed to do. 

Circuit-breakers made to the authors’ designs could not 
be sold at a low price. Perhaps the authors will express 
an opinion as to the value of this type of gear, in per¬ 
centage terms, compared with the simple industrial cir¬ 
cuit-breakers which have been used so much in the past. 

Mr. W. A. Coates: Modern circuit-breakers incor¬ 
porate little which is fundamentally novel, as designs 
embodying gas blasts, mechanical oil pumps, and explo¬ 
sion pots, have been available for over 30 years. I»the 
last 10-15 years, research work has given us the informa¬ 
tion enabling us to design these types of breakers on scien¬ 
tific lines. This applies equally to the air-break develop¬ 
ment described in the present paper. The new air 
circuit-breaker has a performance equivalent to that of a 
first-class circuit-breaker in nearly every respect. The 
latter is sometimes quicker on make-break operation only. 

Will the authors state the band of error applying to the 
curves in Fig. 7 ? This is necessary in determining the 
degree of possible discrimination, especialty as it is stated 
that this breaker could discriminate with a high-* 
rupturing-capacity fuse. 



Distance,yd. 

Fig. A 


The analysis of requirements set out on page 463, and 
beneath Table 2, over-stresses the risks of high short- 
circuit currents associated with small breakers. The 
conductors to breakers in the authors' Groups 1 and 2 are 
effective current-limiters, as is seen from Fig. A, showing 
the maximum possible short-circuit MVA derived from 
a TOOO-kVA transformer. 

I investigated the market in this country for a high- 
breaking-capacity small normal-current circuit-breaker 
a few years ago, and found it did not justify the cost of 
development. 

As both the authors have done much to develop the 
technique of short-circuit testing, and contributed greatly 
to the production of B.S. No. 116—1937, it is suggested 
they should revise their paper before publication and in¬ 
corporate terminology strictly in accord with standard 
practice. 

Mr. L. Gosland: From the data in this paper, and 
by analogy with developments in high-voltage oil circuit- 
breakers over the last decade, it can be suggested that 
structures such as the authors describe might be capable 
of being developed in such a way that it would be possible 
to handle considerably higher voltages at the same 


current ratings. In any circuit-breaker m which arc 
extinction is aided or accelerated by control forces derived 
from the current interrupted, a major problem of design 
is that of securing a reasonably flat performance charac¬ 
teristic (i.e. curve connecting arc duration or arc length 
^vith current handled). In high-voltage oil circuit- 
breakers using arc control of the self-blast type, this 
problem has now been solved. Reference to Fig. & sho^ys 
that there is still scope for considerable development in 
rlsJSit in tie tyje of structure dealt with. If, as is 
possible, the voltage rating of the circuit-breaker 
described by the authors is largely determined by its 
performance at currents in the region of 200—2 000 
amperes, then a successful attack on the problem of 
removing the peak on the performance chaiacteiistic in 
this region might well lead to the possibility of a con¬ 
siderably higher voltage rating for the same structure. 
The increased'^ recovery voltages should not present 
difficulty at the heavy-current end, since Fig, 5 shows 
that under these conditions the arc gap can alieady with¬ 
stand 1 000 volts at the final arc-voltage peak, it should 
thus he capable of handling considerably higher peak 
restrildng and recovery voltages. 

I notice that on page 461 it is stated "... the arc 
on the first phase to clear can be made to extinguish at 
the first available current-zero, . . .” although Fig. 8 
shows arcing times up to 6 half-cycles. T he statement 
might well be qualified before the paper appears in the 
Journal. 

Mr. C. J. O. Garrard: The paper exemplifies how 
nowadays the design of almost all electrical apparatus is 
governed by transient conditions. Not only the appa¬ 
ratus but the whole layout of a system must be planned 
to withstand short-circuit conditions. 

I do not support the statement (page 461) that the 
upper limit of short-circuit current in medium-voltage 
networks is about 44 OOO symmetrical r.m.s. amperes. 
Where the necessary precautions have not been taken, 
larger currents may be encountered. Most of these 
difficulties are due to lack of fox'esight in the early stages. 
If one plans an installation so that it can be extended 
indefinitely without the short-circuit current exceeding a 
certain value, one generally finds after a lapse of time, 
when, the network has grown, that one has arrived at the 
most economical method of dealing witli the load. 

• The authors rightly emphasize the desirability of avoid¬ 
ing fire risk. There is, however, a tendency to exaggerate 
the fire risk due to oil circuit-breakers. I have no per¬ 
sonal experience of an instance where the oil in a modern 
circuit-breaker, as distinct from that in the busbar cham¬ 
bers or the like, was either directly x'esponsible for a 
serious fire or has been even an important contribixtory 
factor. The oil circuit-breaker is a very cheap, reliable 
and compact piece of apparatus, and if backed up by 
proper testing is not at all likely to give rise to fire. It 
can be housed in a smaller spxice than an air circuit- 
breaker of the same rating, because it does not emit hot 
gases. There are many cases, however, where the 
presence of oil is undesirable, and for these I have 
adopted the air-break circuit-breaker. 

The authors attach impoi-tance to the desirability of 
making air-break circuit-breakers so that they Can close 
and latch-in on a short-circuit equal to their maximum 
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rating. I cannot see why this should be necessary. 
Nowadays, many circuit-breakers have so-called inertia 
trips which are so designed that if the breaker is closed 
on a short-circuit it is tripped out before the contacts are 
fully home. Incidentally, I have found that the ordinary 
fuse-shunted trip coil or series overload such as is fitted 
to smaller breakers works quite as fast as these special 
arrangements. Presumably the authors' oil dashpot 
would not operate at so great a speed. . 

Reading the paper has suggested two questions to my 
mind: First, whether it is not time that we in this country 
arrived at a greater degree of standardization in regard to 
electrical apparatus—standardization not only of quality 
but also of construction and dimensions. Taking low- 
voltage distribution gear, for instance, there is an immense 
variety of sizes and designs of a|)paratus; one need only 
think of such simple things as fuses and fuse-holders, for 
example. The second question concenJs the use of 
material. Should we not endeavour to use less copper, 
the supply of which is limited, by adopting higher 
voltages more freely ? I think that we shall be com¬ 
pelled in the future to economize in the use of copper at 
the expense of insulating material, which either grows >on 
trees or can be dug up in unlimited quantity. 

Mr. H. Mx6.0.&y. {communicated): The paper is a 
welcome contribution to the available information con¬ 
cerning the control of medium-voltage circuits since it 
deals not only with a new type of air circuit-breaker 
designed to replace the oil circuit-breaker but also with 
circuit-breakers and switches of smaller current capacity, 
suitable for use in conjunction with high-rupturing- 
capacity fuses on circuits where the prospective short- 
circuit current may be high. 

I agree with the authors in their statement on page 462 
that few major interruptions of electric supply can be 
directly attributed to the use of oil in circuit-breakers. 
Nevertheless, there have been incidents in which the 
failure of oil circuit-breakers has been responsible for 
injury to personnel or damage to plant. The hazards of 
oil circuit-breakers are twofold: (1) the possibility of 
expulsion of burning oil or gases from the breaker tank; 
and (2) the possibility of secondary explosion due to 
ignition of a mixture of inflammable gases from the oil 
with air. 

As most of the control gear for circuits of this type is 


directly hand-operated, any type of switchgear in which 
these hazards are absent will be a distinct improvement. 

While the results of tests indicate that the performance 
of this new tjqie of air circuit-breaker should be satis¬ 
factory, it would be interesting to know whether any of 
the equipments have been in service for a considerable 
time and, if so, what the operating experience has been. 

I should like to emphasize the authors' remarks in con¬ 
nection with circuit-breakers and switches used in con- 
j unction with high-rupturing-capacity fuses for circuits of 
smail current capacity. The point regarding the maldng 
capacity and short-time rating of this apparatus is not 
always appreciated, and failures have occurred where 
unsuitable switches and circuit-breakers have been 
retained in use after the addition of high-rupturing- 
capacity fuses. 

Experience has indicated that barriers between com¬ 
partments of switchgear assemblies are essential if the 
effects of breakdown are to be limited as far as possible. 
Care is necessary, however, in the introduction of such 
barriers in the case of medium-voltage switchgear to 
‘ensure that the barriers themselves are not a cause of 
failure b}?' producing flashover between phases due to a 
deposit of moisture or dust on the surfaces of the barriers, 
or, in the case of certain materials, by tracking. 

I note that complete interlocks have been provided for 
the various equipments and, while there has been a good 
deal of argument about the efficacy of interlocks, there 
is no doubt that on medium-voltage switchgear they do 
tend to reduce the number of accidents of the type which 
arises from over-confidence of maintenance men. The 
temptation to rectify small defects by inserting a screw¬ 
driver or spanner into a compartment containing live 
medium-voltage conductors is one that some people 
appear to be unable to resist, and a slip of the screw¬ 
driver or spanner usually results in more or less serious 
bums. 

In conclusion, it would not be surprising if the principle 
of the elimination of inflammable material in switchgear 
construction underlying the designs described in the 
paper were eventually extended to switchgear of higher 
voltages and higher short-circuit capacities. 

[The authors' reply to this discussion will be found on 
page 483.1 
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Mr. M. N. Humphreys: With regard to the question 
of ait chutes, the authors state that any greater magnetic 
field than that prescribed unduly elongates the arc, but 
in connection with the device shown in Fig. 3 they explain 
how they have taken steps to multiply the field 5 times 
in order to get satisfactory operation on smaller current 
and have, moreover, increased the local field by maldng 
the arc horns of steel. They claim that this arrangement 
proves satisfactory through the range of operation, and I 
agree that the design seems to be such as to work very 
well indeed on currents from full load upwards. I think 
I would attach more importance than the authors appear 
to do, to satisfactory operation of a circuit-breaker when 
handling currents between full load and 10 times full 
load at low power-factors with the inductance on the load 


side of the breaker. I have known contactors which 
would work very nicely on fuU-load currents and on con¬ 
siderable overloads, but which would not give such satis¬ 
factory results on intermediate currents. 

I should like to ask the authors why they say that the 
arc chute must be narrow enough to prevent the arc from 
zigzagging, since so long as the arc is inside an arc chute 
it cannot get anywhere where it is likely to do any harm. 
By attention to the magnetic field in which and by which 
an arc moves, it is possible to control an arc in such a 
way that it will run centrally between the walls of the 
arc chute without touching on either side. When mag¬ 
netic blow-out without arc control is employed, the arc 
comes out of the shield and wanders about over a con¬ 
siderable distance; whilst when control of the arc is 
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adopted, with the same blow-out coil winding but dif¬ 
ferent disposition of the pole-pieces, the arc remains 
much shorter and is under perfect control and quite clear 
of the arc shields. 

Mr. W. R. Chalmers: The analysis of requirements 
in the paper is a valuable feature in that designers 
should start by stating the requirements to be met, but 
I do not consider the analysis to be complete or correct. 
I do not agree that Group 1 breakers, or contactors as 
they should really be called, are usually fitted with 
thermal oveidoad tripping or that thermal trips are 
suitable for all duties. The authors specify a total ^ife 
of 1 million operations for Group 1, which is probably 
correct as far as the mechanical duty is concerned, but 
when they suggest a life of 1 000 operations for the con¬ 
tacts, I cannot agree, as at least 100 000 operations should 
be expected. I should be very chary of suggesting to 
steelworks engineers that contactor butts should be re¬ 
newed after 1 000 operations. 

The breakers in Group 1 should, the authors state, be 
able to close on the maximum peak currents peimitted 
by the high-rupturing-capacity fuses when closing on a 
25 MVA prospective short-circuit. As to closing on a 
short-circuit when fuses are the protective features, 
they merely state (page 462) that such apparatus (H.R.C. 
fuses) makes no pretence at meeting any requirement 
of circuit-making. With small H.R.C. fuses in circuit, 
circuit-making is one of the easiest problems. 

Regarding the limits of Group 1, it should be pointed 
out that motor starting-currents of 10 times full load 
are becoming quite common, and 14 times full load has 
been experienced. These figures impose very arduous 
conditions on thermal overloads and, where starting 
times of the order of 15-30 sec. are involved, this type of 
overload is definitely unsatisfactory. 

Mr. P. J. Shipton: It is important to differentiate 

NORTH-EASTERN CENTRE, AT 

Mr. D. Adam: The circuit-breakers of the authors’ 
Group 3 were the first oil-less circuit-breakers to be 
produced commercially in this country. From the 
illustrations in the paper it is seen that this design 
embodies all the best features associated with metalclad 
construction. 

The desire to eliminate oil from switchgear is perhaps 
being slightly exaggerated at the moment. It must be 
remembered that oil is still an excellent insulating 
material, particularly for use at high voltages. In the 
present instance, however, where we have better perfor¬ 
mance as a circuit interrupter, where the best features of 
metalclad design have been retained, and where there 
is no complication arising from external pneumatic 
gear as in air-blast breakers, the oil-less circuit-breaker 
is a most logical development and to be encouraged 
provided that it is commercially competitive. 

The breakers in Groups 1 and 2, whilst depending 
entirely upon high-rupturing-capacity fuses for the break¬ 
ing capacity of the equipment, must nevertheless be of 
exceedingly robust construction if they are to withstand 
the through currents to which they may be subjected 
when closing on to short-chcuit. This feature has been 
too frequently omitted from the fuse-switch arrangement, 
VoL. 87. 


between circuit-breakers and contactors. The circuit- 
breaker is a piece of apparatus that will deal with ab¬ 
normal currents and short-circuits. Now it seems to me 
that, referring to Groups 1 and 2, in order to obtain a 
circuit-breaker the authors have had to fit high-rupturing- 
capacity fuses, and it therefore seems to me that the 
better definition for apparatus in Groups 1 and 2 is 
contactors. 

I am rather interested in the compression-type dashpot 
referred to in Figr 7. Could its characteristic be altered 
in any way in order to obtain better discrimination 
between 10 and 100 sec. ? Also, have any tests been 
carried out with that type of dashpot on frequent opera¬ 
tion, and, if so, does it creep under such circumstances ? 

In connection with Group 2, which has a maximum 
capacity of 400 amp., I see that the authors mention ther¬ 
mal overloads. Are these thermal overloads indirectly 
or directly heated, or are they transformer-operated ? 

Mr. L. Breach: Any criticism I have to offer regarding 
the circuit-breakers dealt with in the paper, is concerned 
with maintenance rather than operation. On reference 
to Figs. 14 and 15 it will be seen that the contacts for 
isolation purposes are between the slab carrying the 
circuit-breaker and the busbar chamber, and are there¬ 
fore quite inaccessible for examination unless the com¬ 
plete breaker is removed. As it is essential that the 
contacts should be frequently examined, especially so far 
as circuit-breakers of the higher ratings are concerned, I 
should like the authors to explain just what is required to 
make them accessible and how long the process would 
require. Any difficulty in connection with the equip¬ 
ment shown in Fig. 14 would be greatly accentuated in 
the Fig. 16 equipment owing to the selective action of 
the plug. 

[The authors’ reply to this discussion wiU be found on 
page 483.] 

NEWCASTLE, llTH MARCH, 1940 

with the result that there has been considerable damage 
due to the burning-out of equipment, and generally the 
lighter air-break type of gear has been brought into 
disrepute. One has only to witness a making test with 
gear of an inadequate type to appreciate the damage and 
danger to life which may result. 

What do the authors consider to be the ultimate limit 
in voltage for the air-break type of circuit-breaker ? If 
the field could be extended to 6 kV or even 3 kV, and if 
at these voltages the short-circuit current rating was still 
more or less independent of voltage, this class of gear 
could be used for power-station auxiliaries in forming the 
main station boards and unit boards, as gear having a 
short-circuit rating of 150 MVA meets the requirements 
for such boards. We should then be in the position of 
having completely oil-less switchgear in power stations 
for controlling all the auxiliaries. 

As most of the motors for the auxiliaries are direct- 
started, the air-break type of circuit-breaker has obvious 
advantages from the maintenance point of view when 
compared with the oi'thodox oil-immersed type. The 
degree of contact-burning and oil deterioration is quite 
considerable when oil breakers are used for frequent 
direct starting of induction motors. 
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Reference has been made in the American Press to 
somewhat similar t]^es of air breakers for voltages of 16 
and even 22 kV, with breaking capacities of 260 MVA 
Do the authors know anything of the performance and 
development of these types, and can they be offered at 
competitive prices ? 

Present-day air breakers are far in advance of even the 
best type of contactor, and are in fact complete circuit- 
breakers of the arc-controlled type. From Figs. 8 and 9 
it is seen that they follow the usual characteristics of arc- 
controlled oil-immersed circuit-breakers in that the arc- 
durations are short at the higher current values and longer 
at the smaller current values. The breaker therefore calls 
for a nicety in design of the arc chutes to ensure that there 
is sufficient magnetic blow-off at the smaller current 
values to make sure that the ararises in the arcing horns 
and at the same time does not introduce forced current- 
suppression, with its resultant high rate of restiiking 
voltage at the higher current values. 

One shortcoming of the air circuit-breaker is the exces¬ 
sive amount of noise made when clea.ring under short- 
circuit conditions. This noise is of sufSicient intensity to 
be quite frightening when the breakers are situated in 
the confines of switch chambers, and I should like to 
Icnow whether it is possible for some form of noise baffle 
to be incorporated in the phase-barrier box, or elsewhere 
in the enclosure. 

The authors state that the best form of contact to meet 
aU requirements is the butt type. Would they agree 
that this is the only possible type so far as the air-break 
circuit-breaker is concerned ? 

It would be interesting to Imow whether the authors 
have experimented with the use of tungsten-copper, or 
other metals with higher melting-points than copper, for 
the manufacture of circuit-breaker contacts. If, say, 
tungsten-copper contacts were used there would be less 
erosion and burning of the contacts and, the amount of 
metal volatilized being less, some improvement in the' 
performance might result. ‘ Further, the amount of’: 
copper and carbon dust deposited on the chutes would be 
less. Arising put of this latter point,^ do- the authors 
consider there is any real danger, after constant: operation, 
of this deposit forming a conducting or paxtiaJlyf Con- 
. ducting path across the chutes and thereby causing 
restriking, or at any rate instability, of the arc ? It is 
interesting to note from Fig. 6 that the peak-restriking 
voltages are reduced with increased arcing times. Have 
any cathode-ray' oscillograms been taken under conditions 
of high restriking voltage, and, if so, what effect has this 
been found to have on the performance of the breaker ? 

As is to be expected with any form of air-break circuit- 
breaker, considerable quantities of gas are given off when 
currents of the order of 40 000 amperes are being broken. 
This gas is released by means of a spring-loaded vent. I 
should like to stress here the necessity for perfecting the 
phase barriers, as otherwise there is a great danger of the 
arc striking to earthed metal or'even between phases. 
The phase barriers are subjected to considerable scorching 
from hot gases, and I should like to know whether any 
progress has been made with regard to coating them with 
flame-resisting paint. As these barriers are a limiting 
factor in regard to performance, I think they could be 
made even more robust with advantage. It is reassuring 


to note that complete barriers are fitted between each 
air-break circuit-breaker unit and its neighbour, to 
localize damage from such flashovers. 

A point of considerable interest which is not brought 
out in the paper is the ability of the relatively small 
pivots in the contacts to carry large through currents for 
1 sec. or even 6 sec. without burning or welding. 

It will be seen from Fig. 8 that the critical arc-length 
occurs at current values much lower than with arc- 
controlled types of oil circuit-breakers. It would there¬ 
fore be of interest to know what maximum arc-durations 
are permissible, consistent with circuit clearance. 

I should like to know the difference in performance 
(if any) of, say, a 400-volt 26-MVA air breaker when using 
shunt trip and when using series trip. 

In conclusion, it is reassuring to note that the authors 
. consider that the present practical upper limit of circuit- 
breaker ratings generaUy is 2 600 MVA at 280 kV. It 
would, however, be more reassuring to know how it is pro¬ 
posed to prove this rating with the existing test plants. 

Mr, J. A. Harle: It has always been realized that 
„ there were certain duties for which the air circuit-breaker 
was more suitable than the oil circuit-breaker, but until 
recently air circuit-breakers could not be used where the 
fault currents to be broken were large, and the oil circuit- 
breaker has given very good service in this field. The 
description of these new devices shows how the designers 
have taken advantage of the mobility of arcs in air to 
ensure that the contacts are maintained unbumed and 
yet at the same time have avoided the production of too 
long arcs in air. The problem with low-voltage arcs in 
air is to design the breaker so that it can function in a 
metalclad enclosure without flashing to earth, especially 
after repeated operations. 

As regards the screening arrangements shown in Fig. 
13, I am surprised that it has not been found necessary 
to screen the door, as my experience with normal designs 
of contactors has indicated that this is usually necessary. 

' "Have the authors met with any difficulty due to the 
production of nitrous fumes ? These have always been a 
problem where repeated arcing takes place in enclosures.- 
Has evidence of corrosion been found, and are any special 
precantions taken to get over the difficulty ? 

l am interested to know the power factor of the circuit 
that the authors have tested their breaker on, and also 
the value that they feel should be used for such tests. 

The operation figures given on page 463 for the life of 
the various groups of circuit-breakers appear to be very 
large, and further information on the basis on which fibese 
have been selected would be of value. For Group 1 a 
life of 1 million operations is suggested: assummg a life of 
20 years, each year consisting of 300 working days, and 
8 hours’ work per day, gives 20 operations per hour or 
1 every 3 minutes. Considering Group 2 breakers also, if 
these are required to remain closed for periods ranging 
from half a day to a week, it is difficult to understand why 
their life should be assessed at 100 000 operations. 
Further, a definition of “total life’’ is required, as I 
anticipate that this term does not mean the life of .one 
set of contacts. 

One of the disadvantages of air-break circuit-breakers 
has been the voltage rise which they produce on the 
system. In the paper an example is given for 27 000 
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amperes breaking current and a recovery voltage of 380 
volts, and the voltage rise under this condition does not 
appear to be excessive. It would be interesting to know 
the corresponding figures for 33 000 amperes and a re¬ 
covery voltage of 440 volts, particularly as from Fig. 8 it 
appears that at currents of this order the arcing time in 
many instances is less than 1 half-cycle. 

I note with interest the authors’ scheme (Fig. 16) for 
combining the high-duty cartridge fuse with the dis¬ 
criminative contactor, as this approach is one which I 
think will be more extensively employed in the future. 
Naturally it must be used with caution when one 
approaches the maximum size of air-break circuit-breaker 
that can be employed with the fuse ratings available, but 
even then the scope of the combination gives a broad 
range of economical switching arrangements. 

As regards the 10-ampere high-rupturing-capacity fuse 
shown in Fig. 11, I should appreciate the authors’ con¬ 
firmation that open-wire fuses in insulated carriers up to 
10-ampere rating are satisfactory for prospective short- 
circuit currents of the order of 33 000 amperes, especially 
as most manufacturers have produced cartridge fuse- 
links for use at current ratings as low as 6 amperes. 

It is appreciated that if an open-wire fuse has been 
developed for 10 amperes and category of duty 440AC4 
such a fuse will be invaluable to supply authorities where 
the fault values on the network are high but individual 
services require a small current rating. 

Mr. E. C. I. Macdonald ; While I agree with the 
authors’ conclusions regarding the hmit of the short- 
circuit powers encountered in medium-voltage networks, 
in my experience fault powers as high as 60 MVA are 
exceptional on supply networks as generally understood, 
and 60 MVA is not common even on large concentrated 
illdustrial power supplies at medium voltages, at any 
rate in this area. 

The authors stress the fact that circuit-breakers and 
their ancillary equipment must withstand without 
damage both the magnetic and the thermal effects of the 
current impulse permitted by the largest size of high- 
rupturing-capacity fuse with which they Avill be used. I 
am sorry to observe, however, that they do not stress 
this point in respect of the apparatus in which high- 
rupturing-capacity fuses themselves are carried. There 
is no doubt that modern high-rupturing-capacity fuses 
are fully capable of doing all that their makers claim, but 
the buyer, and too often the supplier, frequently appears 
to ignore the necessity for ensuring that the mounting 
and housing of the fuses and busbar fixings are adequate 
for use in circumstances where the fuse itself may be 
entirely suitable. , It is only necessary to refer to the 
penultimate paragraph of the authors’ Introduction to see 
the importance of the mechanical strength of low-voltage 
equipment. . 

NORTH-WESTERN CENTRE* AT- 

Mr. H. Pearce: Importance is attached to the fact 
that the breaking capacity of a medium-voltage circuit- 
breaker is essentially a function of current and not of 
voltage. I should have felt happier if stUl greater 
emphasis had been laid on breaking current rather than 
on :MVA. The latter is perhaps convenient for high- 


Another point of design which appears to be part of 
the never-ending battle between adequate engineering 
design and economics is the tendency to introduce fuses 
of heavy current rating into enclosures which were not 
designed for such large fuses. The necessary increase in 
the cross-section of conducting parts often results in 
severe reduction in clearances, which brings in its train 
excessive heating and additional risk of breakdown due 
to dirt accumulating in inaccessible spaces between live 
parts. Manufacturers should watch this question of clear¬ 
ances, not so much from the strictly electrical point of view 
as from the practical aspect of access and maintenance. 

Mr.'A. T. Robertson: It is unfortunate that the 
breaker arrangement shown in Fig. 13 is such that a 
back access passage is necessary, because this feature 
makes lining-up inconvenient with the switch-fuse gear 
shown in Fig. 16 (Plate 2), which is essentially of the wall¬ 
mounting type. Oil breakers for a similar duty would 
have busbars, etc., accessible from the front, and so would 
line Up naturally with the busbars of the switch-fuse gear. 

The authors indicate that with a properly designed arc 
* chute there is no difficulty in controlling medium-voltage 
arcs, and it is true that even the heaviest-current arcs can 
be extinguished ■within the arc' chute. When air breakers 
with such chutes are enclosed the problem is, therefore, 
to cool the metal vapour and gases in as small a space as 
can be made convenient, and this would seem to be done 
most efficiently by forcing the gases into intimate contact 
with large surfaces of metal. I should like to know 
whether the authors have considered employing some 
such arrangement in substitution for the arc barriers, or 
in conjunction with them, as a means of reducing the size 
of the enclosure. 

The authors’ statement that the main contacts have to 
carry the peak rating until the breaker is tripped aird until 
the current is transferred to the arcing contacts, would 
seem to indicate that the arcing contacts do not share the 
load current when the breaker is closed. I should like 
to know whether this is the meaning intended. Gould 
a breaker with, say, ten 200-ampere main and ten 200- 
ampere arciug contacts be rated at 4 000 amperes normal 
load, or would it be necessary to provide the full 4 000 am¬ 
peres carrying capacity on the main contacts with, say, four 
26 000-ampere peak-current arcing contacts in addition ? 

In explaining that the ordinary switch-fuse is inade¬ 
quate for many circuits the authors give the inching 
current of direct-starting induction motors as 10 X full¬ 
load current. This is about the right value for the 
current on first switchiug on, but the value may be more 
than twice this, i.e, 20 X full load, when inching if the 
circuit is reclosed before the motor fiux has died down, 
and this may take a second or so, 

[The au-tbors’ reply to this discussion will be found on 
page 483.] 

MANCHESTER, 16th APRIL, 1940 

voltage breakers, but for medium voltages it is misleading. 
The performance of any circuit-breaker merely justifies a 
ratmg of so many amperes at so many volts, and I hope 
the forthcoming British Standard for medium-voltage 
circuit-breakers wfill take full account of this. 

The authors have been a little too generous in taking 
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2 • 55 times the rated rupturing-capacity current for their 
peak value of making current. It is true that this is the 
figure accepted as appropriate to high-voltage circuits, 
but for medium-voltage circuits the peak current does not 
in general reach so high a figure. The Tables in the paper 
show that even after 3 or 4 half-cycles (i.e. the total 
break time) there is no difference between asymmetrical 
and symmetrical current. The reason for this is the 
higher proportion of resistances in ’h medium-voltage 
circuit. If the breakers had been tested in their normal 
position instead of quite close to a test transformer, that 
effect would have been even more marked. A. factor of 
2 would be very much nearer the actual conditions on a 
medium-voltage system than 2 • 56. 

The authors are a little obscure in their treatment of 
the relative difficulty of d.c. and a.c. making currents. 
The words they use seem to imply pxat alternating 
current is more difficult to make because the peak current 
is 2^ times the rated breaking current (that is, adopting 
their ratio of 2j). In point of fact, however, to make a 
peak current of so many d.c. amperes is no easier than^ 
to make an alternating current. 

The authors recommend not only that the breaker 
should be able to make a circuit carrying a peak current 
of 2*66 times the rated rupturing-capacity current, but 
also that the breaker should be able to latch against such 
a current. If I had two circuit-breakers offered to me, 
one of which would latch when closed on a short-circuit 
and another which would open instantaneously, however 
hard I tried to close it, I should choose the latter. I do 
not think the supply industry wants a circuit-breaker 
to close on a short-circuit; in fact, the sooner the 
short-circuit current is interrupted the better. 

On page 467 it is stated: " Breakers fitted with such 
dashpots can be made to discriminate one against another, 
and against any high-rupturing-capacity fuses which 
may be installed in series,” I take it that the authors 
do not mean that the breaker will always open before 
the fuse clears. 

Mr. S. R. Mellonie: This paper deals with an 
interesting and important development which is, how¬ 
ever, scarcely new. There were air circuit-breakers in 
operation at least 12 years ago on voltages as high as 
13 000 volts: I refer to the original de-ion breakers. 

The authors do not mention that air circuit-breakers 
are noisy. Are there any means of causing them to 
operate quietly ? 

Have these breakers shown any tendency to limit a 
prospective short-circuit current by reason of their speed 
of operation? I understand that certain low-voltage 
oil circuit-breakers have shown such a tendency. Can 
the authors confirm this, and can they offer any explana¬ 
tion of the difference between the performance of the 
two types of breakers ? 

Turning to the details of the paper, it should be noted 
that the only true circuit-breakers are those in Group 3. 
The devices in Groups 1 and 2 are circuit-makers, the 
fuse being relied upon to break the circuit. One must 
bear in mind, therefore, that the applications of Groups 1 
and 2 bring with them all the difficulties possible with 
single-phasing unless some device for dealing with this 
is incorporated as part of the breaker. 

The authors' work on chute design recalls a case I 


came across some years ago where the arc of an air 
circuit-breaker, instead of following the arc chute, went 
down the panel as far as the floor (the meter being 
mounted near the floor). The trouble was due to the 
way in which the leads were taken to the particular 
breaker. 

I am disappointed to see in Fig. 11 (Plate 2) a rewireable 
high-rupturing-capacity fuse. For many years manu¬ 
facturers and certain enlightened undertakers have 
followed a course which has resulted in the adoption of 
cattridge fuses in 99% of cases. It is, I suggest, a 
retrograde step to re-introduce a type of fuse which is 
open to much misuse. 

I am not in favour of cubicle-gear interlocks. It is 
better to spend the extra outlay, which these represent, 
on securing a competent staff to carry out the main¬ 
tenance work. 

Mr. G. F. Sills: Many people are beginning to realize 
the advantages of the low-voltage air circuit-breaker of 
the type which has passed definite rupturing-capacity 
tests in a modem switchgear-testing station. It would 
not be right to say, however, that this new-type breaker 
should take precedence over the oil circuit-breaker 
for all purposes, as there are certain types of chemical 
works where the oil circuit-breaker with proved ruptur¬ 
ing capacity is to be preferred. 

Modem circuit-breakers of the type shown in Fig. 13 
will stand a through short-circuit lasting 5 sec., but when 
such a breaker is combined with various other pieces of 
apparatus such as low-capacity current transformers it 
is not certain that the whole piece of apparatus will 
stand this period of short-circuit. 

I would make a plea for more serious consideration of 
the t 3 rpe of l.v. switchgear advocated by the authors, 
particularly for all important installations. A modem. 
power station with two 30 OOO-kW sets costs, say, 
£1 miUion, and since such a large amount of money is 
involved it does not seem reasonable that the low-voltage 
switchgear controlling the auxiliaries should be of the 
oil-immer$ed type with the attendant risks of fire and 
explosion. Tremendous strides have been made in the 
construction of large air-blast-t 3 q)e switchgear, and the 
question of possible fire risks from oil in modem turbine 
plant is being tackled>very seriously, not only in connec¬ 
tion with electrical gear but also in connectibh with the 
material and positioning of the turbine oil pipes. 

Many of the low-voltage oil switches controlling im¬ 
portant auxiliaries in power stations have very little 
rupturing capacity/ and if they were called upon to deal 
with a severe short-circuit would be capable of causing a 
shutdown through starting a fire, apart from doing other 
damage. The modem low-voltage air breaker may cost 
more than an oil switch, but if two or three rows of 
ornamental bricks were replaced by plain bricks in the 
construction of the power station it might more than pay 
for the increased cost of the low-voltage air-break switch- 
gear. I have knowledge of somewhat similar gear to 
that shown by the authors which has been developed and 
tested up to 100 MVA at 3 kV. 

As the authors state, tlie new t 5 ?^pe of air-break switch- 
gear is most useful in heavy rolling-mill work. I saw a 
recent application in a large mill of this type, which had 
cost £3 millions, where each of the main motors had its 
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main control low-voltage air-break switch panels placed 
immediately under it in a long basement, the busbars 
being supported from the walls. This seemed to be a 
preferable arrangement to having the panels all made up 
as one board, with the usual cable-runs. 

Mr. H. G. BeU: In referring to the smaller switches 
on page 463, the authors state that an under-voltage 
release feature is nearly always required. Experience 
has shown that no-volt release relays without time-lags 
have been the source of an incredible amount of trouble, 
particularly on large systems. In many cases instantane¬ 
ous drops of voltage cause unnecessary operation of these' 
no-volt relays, with consequent unnecessary loss of load. 

To the general principles of switchgear design men¬ 
tioned on page 471 I consider that “accessibility” 
should be added. 

Fig. 14 shows the control fuses as being mounted in a 
box which is not at all easily accessible. Moreover, the 
terminal board shown in the same Figure is mounted 
laterally, a fact which detracts seriously from its accessi- 
bihty. Terminal boards should preferably be so mounted 
that they can be clearly seen by an operator with his • 
head outside the cubicle. 

The system of busbar insulation adopted by the authors 
is a very good feature that might be extended to various 
busbars in control and relay panels associated with other 
types of switchgear. 

Mr. R. W. Todd: The authors can claim to have 
proved that electrical engineers are victims of fashion just 
like other human beings, The first circuit-breaker that 
was ever used was an air circuit-breaker. Later the oil 
circuit-breaker was introduced, and used for both high 
and low a.c. voltages. Then the Germans made a large 
number of very bad oil circuit-breakers which caused 
many fires. Because of tins Germany had to resort to 
air circuit-breakers for even the higher voltages. Now 
the tendency is for even low-voltage breakers to be of 
the air-break type. 

On page 462 the authors admit that oil circuit-breakers 
have done very good work, but they point out three 
failings. The first is “Relatively severe contact-burn¬ 
ing with frequent switching at currents of the order of 
normal up to 10 times full load,” I should like to know 
what is meant by “ relatively severe contact-burning ” 
and “frequent” operation. In general, low-voltage 
circuit-breakers operate only 3 or 4 times a day at the 
most, and the oil circuit-breaker has proved quite capable 
of doing that. 

The authors’ second criticism of the oil circuit-breaker 
concerns its “ Relatively long total-break time.” To 
show that this is not a fair criticism I have compared a 
few of the test-results given in Table 2 with some others 
obtained on a commercial oil circuit-'breaker. For 
Item 3c of the Table the short-circuit currents are given 
as between 36 000 and 40 000 amp. with an arcing time 
of 0 • 8 to 0 • 92 half-cycle. The oil circuit-breaker oh the 
same current gives an arcing time of less than 0 • 6 half- 
cycle and a duration of short-circuit of 2 cycles. The 
authors do not state the duration of short-circuit in their 
tests, and I should be glad to know whether they have 
any information on this subject. In Item 4fl, a short- 
circuit current from 19 000 to 20 000 amp. is given with 
an arcing time of from 1-1 to 1 • 4 half-cycles. The oil 


circuit-breaker mentioned above gave an arcing time of 
less than 0 • 6 half-cycle and a total time of 1 • 9 half-cycles 
on the same current. Finally, Item 7c with a current 
of 3 300-3 400 amp. shows an arcing time of 1 • 4 to 1-5 
half-cycles. The oil circuit-breaker gave an arcing time of 
0 • 69 to 1 • 2 half-cycles with a total time of 4 • 7 half-cycles. 
These figures show that this oil circuit-breaker is faster 
than the air circuit-breaker ihentioned in the paper. 

I am interested.to note that the designer of the contact 
arrangement shown in Fig. 1 has entirely dispensed with 
shunts, which have caused much trouble in the past. 

On page 471 it is stated that the width of the arc chute 
should be the diameter of the arc. Can the authors 
give any further information on this matter ? 

Mr. "W. D. Sutcliffe: I should hke to deal chiefly 
with the temperature 'rise of switchgear such as is 
described in the paper. 

Temperature-rise considerations cause far more trouble 
and failures than any question of rupturing capacity. 
In my experience industrial air-break switches of ratings 
up to 600 amp. have had to be removed from service 
because they have given trouble due to excessive tem¬ 
perature, but none have had to be removed because they 
failed to rupture a fault. Switches which incorporate 
high-rupturing-capacity fuses also cause trouble because 
a higher temperature-rise is produced than exists in the 
absence of fuses. We badly need a British Standard 
covering a combined switch and fuse, because very few 
switches which are on industrial loads; particularly 
above 300 amp., will comply with the appropriate British 
Standard for switches if they have fuses incorporated. 
We find fuses mounted on the moving part of the switch, 
a practice that is to be deprecated for many reasons; one 
being the temperature rise, and another the danger that 
when a man tries to remove or replace one of the fuses 
it is quite easy for him to touch a five contact on this 
type of switch. The fuses ought to be fitted in a separate 
chamber. A short time ago when we wanted a switch to 
deal with a 300-amp. 400-volt industrial load of 10 hours’ 
duration we were advised by the manufacturer to use 
a 400-amp. switch incorporating a 300-amp. fuse, pre¬ 
sumably on account of temperature-rise considerations. 

We have tested many fuse barriers on industrial 
switches, and we find that 76 % are made of tracking 
material; this is a very big fault because, in the event of 
arcing taking place, the switch blows up, since the barriers 
became conductors. 

Mr. J. A. Henley: It is a pity that the authors did 
not allow themselves space to describe arcing phenomena 
associated with the oil-less breaker. In particular, more 
comment might have been made On the interesting 
cathode-ray oscillogram of Fig. 6, which would have been 
more instructive if it had been accompanied by the 
corresponding Duddell oscillogram. 

Interruption in the authors’ breaker—-judging by 
the cathode-ray oseillogram-Y"is of the type which 
has been called “ d.c. interruption.'V Extinction of 
the arc does not depend entirely upon the fact that 
the current naturally passes through zero. The arc is 
lengthened and cooled until its resistance becomes the 
predominating factor in controlling the short-circuit 
current, which is reduced in magnitude while the 
power factor increases to something approaching unity. 
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As shown by Fig. 6, the current is forced down to 
zero near voltage zero with such rapidity that a surge is 
produced, but this is damped to harmless proportions by 
the residual leakage in the arc path. 

It would appear that breakers which interrupt on this 
principle are definitely limited in regard to the voltage 
for which they can be designed while still retaining a size 
which is suitable for use in a metalclad unit. This is 
because interruption depends upon lengthening the arc, 
so that the necessary arc-length increases with voltage, 
the size of arc chute increasing accordingly. 

Oil-less breakers have already been produced with a 
breaking capacity of 160 MVA at 6 kV in which interrup¬ 
tion is by magnetic blow-out and a refractory arc chute 
without the assistance of an air blast. Judging from the 
size of arc chute necessary for this rating, I should think 
it unlikely that breakers of the general t 3 rpe of the authors' 
breaker will be produced for voltages of the Arder of 11 kV. 

Mr, W. H. Lawes ; It is not clear that the air circuit- 
breaker is a better piece of equipment than the oil 
breaker. Some 35 years ago the late Mr. W. Duddell 
found that the oil breaker broke current very certainly at 
voltage-zero, and he even went so far as to recommend a 
special resin oil for use in such breakers. 

As regards discriminative protection, I would remind 
the authors that oil dashpots are not oil-less, and that 
therefore they do not come within the scope of the paper. 
The " definite minimum time ” of an oil dashpot is liable 
to become indefinitely long in the winter, and in the 
summer indefinitely short. Clockwork mechanisms 
operating a fan are much more reliable in this regard. 

Mr. J. M. Gillespie : One aspect of the subject which 
is not covered by .the paper is the range of application of 
air-break switches. The illustrations in the paper suggest 
that the bulk of these switches is such as to hmit the field ' 
of application even in circumstances where the absence of 
oil would be particularly valuable, as, for example, in 
underground equipment. Here air-break contactors^are 
already used for co-al-face swatches, but oil circuit-breakers 
are stiU used for feeder switches. The question of bulk 
is. particularly obvious in the case of line switches for 
direct-started 2-speed induction motors such as are used 
for driving power-station auxiliaries. I believe that the 
authors have designed equipment for this service in which 
two switches are mounted side by side with a timing-relay 
panel. The whole assembly would appear to take up 
treble the floor space required by a contactor equipment. 

It would be valuable if the authors could indicate the 
relative price and floor space taken up by the three 
alternatives—oil circuit-breakers, air circuit-breakers, 
and the very useful combination of air-break contactors 
and high-ruptuiing-capacity fuses. 

EAST MIDLAND SUB-CENTRE, AT 

Mr. B. C. Bayley: The paper must cause some dis¬ 
quiet amongst those engineers who are responsible for 
a.c, plant, subject to heavy short-circuit currents, that 
is not equipped with modern air-break pattern control 
and protective gear. The authors lay . particular stress 
on the importance of having suitable gear that will 
“ make " the circuit under these severe conditions,, .an4 
draw a vivid picture of the difference in requirements .,p.f 


Mr. W. E. Swale; The attractions of oil-less switch- 
gear for use on consumers' installations are "obvious, 
particularly when it appears that gear of this type, 
when made up into switch panels, wiU occupy less room 
than an equivalent oil circuit-breaker equipment. 

In none of the authors’ illustrations is there any indica¬ 
tion of the presence of instruments. One would, like to 
have an assurance that so far as oil-less switchgear is 
concerned the fitting of the usual instruments, i,e. 
ammeters and/or watt-hour meters, offers no difficulties. 

Mr. G. H. Sammons: The peculiar isolation arrange¬ 
ments of this type of switchgear have driven the designer, 
no doubt unwillingly, to employ Bowden wire for switch 
operation. This is a very unsatisfactory arrangement, 
and l am of the opinion that a Bowden wire wiU not give 
satisfaction over a period of 20 years, which may be 
taken as the usual life of such apparatus. 

With regard to the method of isolation, it appears 
to me preferable to fit shutters over the live contacts of 
the busbars, in order that the isolation shall be quite 
positive. 

' Mr. W. N. Y. King: In my view the air break requires 
' more space than the oil break in which to dissipate the 
energy of the arc. Therefore, if an air-break switch is 
installed it will require more room above it to break the 
arc, and there will be a danger zone which should be 
allowed for. This point would not be important in a 
large power house, but in a smaller building there might 
be some object overhead which would get damaged by 
the arcing of the air-break switch. 

Mr. W. Kidd: I have seen some of these oil-less 
switchgear equipments in manufacturers’ works, and 
would suggest that an effort should be made to improve 
their external appearance. 

The authors state that they provide openings in the 
top and bottom of the 3 000-amp., panels to allow for 
ventilation; now this type of switchgear is not usuall 5 )^ 
installed in dustless rooms, and I should therefore expect 
a good,deal of dust to get into the cubicles, even if they 
have wire gauze over the openings. 

The mechanical forces set up in switchgeaf during fault 
periods are much higher than is generally realized, and 
therefore users and contractors should ascertain from the 
supply authority what kVA capacity of circuit-breakers 
should be installed. I am pleased to say that we are 
getting co-operation between the parties concerned in 
Manchester, but there are still many danger spots; only 
a few days ago I was notified of a 6 000-kVA breaker in a 
position where it had to deal with 14 000 kVA. Of course, 
it failed when trouble occurred. 

[The authors’ reply to this discussion will be found on 
page 483.] 

NOTTINGHAM, 23rd APRIL, 194(1 

gear dealing with direct-current as distinct from alter¬ 
nating-current circuits. Since the introduction of the grid 
system the currents, in l.v. systems have increased enor¬ 
mously, and considerable risks are now being run by 
retaining old equipment which is quite unable to handle 
this hazard. 

, The authors would have , us believe that the modern 
aiir circuitrbreaker-of the contactor type, and the non- 
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automatic circuit-breaker in series with high-rupturing- 
capacity (H.R.C.) fuses, meet all the conditions that are 
likely to be found on modern layouts limited to 25 MVA 
—^and there should be no difficulty in designing a layout 
within this limit. There are, however, some difficulties 
in obtaining discrimination between successive fuses of 
the H.R.C. cartridge type, and a more reliable perfor¬ 
mance might be obtained if fuses of the same make and 
characteristics were utilized. 

There are many applications where the H.R.C. switch- 
fuse combination has overlapped the functions of th^oil 
circuit-breaker, but except in the larger sizes this com¬ 
bination shows no saving in cost over oil circuit-breakers. 
Although the cartridge high-duty type fuse, if properly 
designed, is capable of rupturing large currents sud¬ 
denly without appreciable voltage-rise, I am still of the 
opinion that for overload protection the semi-enclosed 
re-wirable fuse, backed up by a H.R.C. fuse, is the best 
arrangement. 

Referring to Fig. 16 (Plate 2), I notice that the spiral 
spring controlling the operating-handle shaft is not 
shielded or trapped in any way, and since these springs 
are liable to break I consider steps should be taken to 
avoid the risk of earthing one phase, an operation 
which is likely to result in severe damage to the equip¬ 
ment. 

The authors showed in one of their slides a group of 
switch-fuses and one iircoming air circuit-breaker 
mounted in the form of a switchboard. This assembly 
appears to me to lack rigidity, and in the case of the 
larger current-carrying units I consider'there is a risk, 
where armoured cables are used, of damage being caused 
to the cable joints. 

Mr. B. Nuttall: I am very interested in this paper, 

THE AUTHORS’ REPLY 

Messrs, H. E. Cox and L. Drucquer {in reply) '. We 
have much appreciated the discussion as it has directed 
our attention to many possibilities of improvement and 
extension of the line of switchgear covered by the paper. 

In the following reply we have attempted to deal with 
the many points of general interest raised, and we wish 
to apologize for any omissions to deal with specific points 
of detailed interest only. 

For easy reference the replies have been collated under 
Specific headings. 

Enclosure 

Whilst we agree with Mr. Knowles in his view that 
heavy-current equipments having an interrupting capa¬ 
city of 50-MVA are undesirable, we consider, neverthe¬ 
less, that certain existing installation problems can only 
be solved economically by the use of such equipment. 

Some attention has been focused on the- question of 
fitting silencing baffles, but within our experience the 
noise under full fault operation, using air in its free 
state and with the breaker totally enclosed, is not suffi¬ 
cient to warrant the additional complication of baffles. 

It has not been found necessary to provide insnlation 
screens on the inside of the door, it having been proved 
that earthed metal catr be brought to within a distance 
of 4 in, of the arc chute opening, without causing failure 
to earth. 


chiefly from the point of view that an endeavour has 
been made to supersede the oil circuit-breaker for 
medium-voltage duty; but I am unconvinced that this 
purpose has been wholly achieved. 

The larger the current-carrying capacity the more 
difficult the problem of ventilation becomes. For 
capacities of 3 000 amperes and upwards in steel en¬ 
closures, it is essential to create a steady draught through 
the cubicle and t& ensure that the air is '‘ clean," The 
ventilators would also have to be made still larger to 
allow for the area occupied by verminproof gauze. This 
would seem to indicate that filtered air is essential for 
this gear in cement and flour mills, quarries and other 
onerous conditions of operation, for air is a very unstable 
dielectric when polluted,. Have the authors carried out 
any experiments to simulate such conditions ? If so, is 
the performance of the breaker altered in any way when 
making or breaking its full short-circuit rating ? Under 
such conditions the oil circuit-breaker would be prefer¬ 
able and, incidentally, cheaper both in first cost and as 
regards maintenance. 

Until more experience with the air-break circuit- 
breaker is acquired, I suggest that its application 's more 
suitable for the control of power-station auxiliaries where 
the elimiaation of oil justifies the expense of the precau¬ 
tionary measures outliaed above. 

In the equipment shown in Fig. 14 the isolating plugs 
and sockets appear to be very difficult to examine or 
overhaul. This is essential after the gear has cleared a 
short-circuit, and is advisable, say, every 12 months for 
maintenance purposes. 

Lastly, have the authors carried out short-circuit tests 
on a complete switching equipment, i.e. including iso¬ 
lating features and current transformers ? 

TO THE DISCUSSIONS 

Interlocks 

We are unable to agree with Mr, Mellonie's suggestion 
that interlocks are unnecessary and we strongly support 
Mr. Midgley’s .contention that such features should form 
an integral part of the design and thus conform to the 
high level of safety in operation which characterizes 
British metalclad switchgear. 

Arrangements of Gear 

In reply to-Mr. Leach, the switchboard shown in 
Fig. 16 can be arranged with the fuses adjacent to the 
busbar, or, alternatively, additional isolation can . be 
provided between the switch and the busbars. Accom¬ 
modation for a full complement of instruments and meters 
can be arranged. Shutters can be provided for the 
busbar plugging contacts illustrated in Big- 14. 

Ability to Handle Through Fault Current 

We agree with‘Mr. Knowles that the short-circuit 
should be maintained for as short u period as is appro¬ 
priate to its position in the system. On extensive 
systems, however, to obtain discriminative protection, it 
is necessary to keep the main breakers closed for con- 
ffiderable periods, and 6 seconds would not appear to be 
an excessive upper limit. 

Extensive tests have prOved the ability of the pivot 
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pins to carry the full short-circuit current for 5 seconds 
as mentioned by Mr. Adam. 

Mr. Knowles is correct in his assumption that the 
braids shown in Fig. 3 have to withstand momentarily 
(for only a portion of the arcing time) the full short-cir¬ 
cuit forces, and the construction has proved adequate. 

Reduction of MVA due to Cable Connections 

We agree with Messrs. Leach and Coates that small 
cable connections reduce the short-circuit current, 
provided the location of the fault is such as to include 
the reactance of the cable. 

Methods of Protection 

In reply to Mr. Knowles we .would advocate instan¬ 
taneous trips for any ampere and MVA rating of circuit- 
breaker, provided the requirements of .discriminative 
protection are met. 

Our preference is for an indirectly-heated current- 
transformer-operated thermal overload for 400 amperes 
and above. 

In reply to Mr. Garrard, we view inertia trips as a com¬ 
plication, and tests have shown them to be unnecessary 
with the type of breaker described in the paper. It is 
believed that both Messrs. Garrard and Pearce will agree 
that a circuit-breaker of economical design, capable of 
closing on to its rated short-circuit current, is superior 
to one which requires the addition of an inertia trip. 

Operation and Performance 

In reply to both Messrs. Lythall and Pearce, in our 
experience, whilst it is unusual, it is possible for the peak 
making current to be as high as 2-56 times the r.m.s. 
symmetrical breaking current, and a gear for universal 
application must take cognisance of this. 

When a breaker is used in Conjunction with H.R.C. 
fuses, the mechanism need only be designed to close the 
breaker against the peak current permitted by the largest 
size of fuse with which it is designed to be used. 

In reply to Mr. Humphreys, zigzagging of the arc in¬ 
creases the arc energy by lengthening the arc without 
a corresponding current-suppression effect, unless the 
separate elements forming the zigzag are prevented from 
short-circuiting. The interleaved chute used in the 
Magne-Blast breaker is a construction which achieves 
this. 

We can assure Mr. Mellonie that there is no danger of 
the chute being covered by harmful copper deposits, 
provided the short-circuit current does not cause 
” spluttering ” of the contacts prior to parting. 

Such “ spluttering,” when it occurs, is responsible for 
the short-circuit current-limiting tendency which is 
shown by some oil circuit-breakers and which is entirely 
absent in the type of circuit-breaker covered by the 
paper. 

Mechanical Construction 

Several speakers referred to details of mechanical 
construction. 

It has been found preferable to obtain correct toggle 


positioning by accurate jigging, rather than by indi¬ 
vidual adjustment which can be interfered with. 

In general, we agree with the contention that spring 
isolation contacts should be on the moving portion, but 
certain peculiarities of the design adopted made the 
arrangement shown the most economical. 

The breakers referred to on page 467 utilize pressure 
line contacts, and we agree with Mr. Adam that such 
butt contacts are the only economical solution. 

We have found the use of the relatively expensive 
turf^sten alloys for contacts to be unnecessary. 

The arc chute acts as a gas cooler and occupies no 
greater space than any other practicable form of cooler. 

/ 

Single-Phasing 

Reference has been made to motors ruiming under 
single-phase conditions in the event of one fuse blowing, 
and devices which would prevent such an occurrence 
would appear to have technical merit. The sphere of 
application of such devices is, however, not immediately 
*■ apparent unless they can be provided at negligible cost. 

Voltage Limits 

Several speakers referred to developments for voltages 
higher than 660, 3-phase. Such developments, whilst 
possible, do not come within the scope of the paper. 

Barriers 

References to the value of phase barriers were made by 
several speakers and certain criticisms were levelled at 
the t 3 rpe described. 

The barriers finally chosen were developed from results 
obtamed on the short-circuit test plant, on breakers 
totally enclosed in metal housmg and, although we do 
not claim them to be the only or most efficient type 
possible we can assure Messrs. Midgley and Knowles that 
they are effective. 

Accessibility 

The question of accessibility has been considered in the 
design of the complete switchgear. 

The breaker contacts, which require mo st maintenance, 
are readily accessible and removable. 

The plugging contacts of the arrangements shown in 
Fig. 14, which are less accessible, are silver-plated and 
of the pressure line multi-finger construction, A lifting 
device is available for removing the complete moving 
portion from the cubicle. 

Corrections to Paper, 

We wish to thank Mr. Coates for his criticism regarding 
terminology used in the paper; these errors have been 
corrected for the Jouvnal. 

We also wish to thank Mr. Gosland for pointing out 
an ambiguity regarding arcing times under the heading 
" Short-circuit rating.” We hope that the meaning has 
been changed by the correction which has now been 
made. , 
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SUMMARY • 

The author gives a brief description of a transmission and 
distribution system in South Australia and the protective 
relays used in connection therewith. Maintenance methods 
are described and operating results tabulated and analysed. 
The operating results reveal a protective efficiency of over 
90 %. 


INTRODUCTION 

The art of eliminating faulty electrical circuits from an 
electrical system without disturbing the sound ones, has , 
made great strides during the past 10 years, and protec¬ 
tion engineers are now able to provide satisfactory solu¬ 
tions for many problems that would have baffled them a 
few years ago. It is therefore rather disappointing to 
find that such poor results are obtained as those shown 


Table 1 

Analysts of Relay Operations 


Plant protected 

Number of 
operations 

Percentage of operations correct 

Author’s 
formula , 

E.R.A. Report 
formula 

Generators 

48 

56-5 

87-6 

Transformers 

396 

68-6 

97 

Busbars ., 

82 

90 

100 

Feeders 

4 538 

86-6 

98 


in Table 1. These have been calculated from data given 
in Tables 2, 6, 11 and 12 of E.R.A. Report F/T94,t on 
the same basis as that adopted in Table 5 (see page 493). 
The performance attained in busbar protection is the only 
one which can be classed as reasonably good, whilst in 
generator protection it is deplorable. From a study of the 
report it would appear that inadequate maintenance of 
the protective devices is largely responsible for the 
unsatisfactory results. 

An account of the protection maintenance methods 
which have been successfully used in a comparatively 
small undertaking which has, nevertheless, a large mileage 
of SS-kV transmission lines and 7 ' 6 -kV feeders, may^be 
of some assistance to engineers who are experiencing 
difficulty with their protection. 

DETAILS OF PROTECTIVE SYSTEM OF 
ADELAIDE SUPPLY UNDERTAKING 
The transmission and distribution lines of the Adelaide 
Electric Supply Co. extend about 200 miles north and 

* Adelaide Electric Supply Company, Ltd. 
t Jottfml I.E.E., 1936, 97, p. 6«. 


south and about 40 miles east and west in the more 
thickly populated part of the State of South Australia. 
The number of consumers supplied is close to 100 000, 
of whom 90% are in the metropolitan district of 
Adelaide. 

A single power house'at Osborne, near the mouth of 
the Port River^ supplies the system through four double¬ 
circuit 33-kV transmission lines, having an average length 
of 12 miles. These lines terminate in three major sub¬ 
stations which are connected to other city and suburban 
substations by 33-kV ring mains. At the substations, 
step-down transformers reduce the voltage to 7 • 6 kV to 
supply distribution transformers in the surrounding 
districts. In the more densely loaded city areas, the 
voltage is stepped directly from 33 kV to 415/240 volts. 
The 7 600-volt feeders are usually radial, but a few 
operate as tie circuits between substations. A number 
of 7* 6-kV feeders have reclosmg circuit-breakers, and the 
remainder are now being fitted with reclosing gear. 

There are 463 circuit miles of 33-kV overhead line, 
421 miles of 7-kV overhead lines, 7| miles of 33-kV under¬ 
ground cable and approximately 16 miles of 7-kV cable. 
There are three 33-kV substations with indoor ironclad 
gear, the rest being outdoor-type stations. 

On the 33-kV lines some trouble is experienced with 
large birds, necessitating bird guards on steel cross-arms, 
and the use of tall insulator pins. Other birds have the 
quaint habit of building their nests on transmission-line 
poles with fencing wire or any other wire they can get 
hold of, and they occasionally short-circuit the 33-kV 
lines. A further trouble is occasioned by saline dust 
accumulating on the insulators, so that regular cleaning 
is necessary. The 7-kV lines suSer,In stormy weather 
from twigs or branches blown from trees, and, to a 
considerable extent also, from stray motor vehicles 
colliding with the poles (there is one motor vehicle for 
every 6*6 persons in South Australia). On the other 
hand, hghtning is not severe, and there is no trouble from 
sleet.' The types of protection in use on various circuits 
are indicated in Table 2. 

AU phot-wire relays and balanced circuit relays are 
instantaneous in action. The use of graded tinie-delays 
is avoided wherever possible, except as back-up protec¬ 
tion. Both British and American relays are used, and 
telephone-type relays are employed in connection with 
some of the pilot-wire schemes, and for the indicating 
circuits. In selecting relays with inverse time characr 
teristics, care is exercised to ensure that their time/current 
curves do not ” cross " those of other similar relays with 

which they may be associated in adjoining sections of the 

system. Purchases Kave, in fact, been limited to three or 
four makes, the characteristics of which are very similar. 
Before being placed in service each relay is thoroughly 

mi \ _ ■■ . 
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Table 2 


Circuit 

Type of protection 

Double-circuit 33-kV transmission lines 

Operated as balanced pairs with instantaneous selective 
biased relays trijiped by current unbalance 

Double-circuit ring main, 33 kV 

Operated as balanced pahs with instantaneous noh-selec- 
tive, non-biased relays tripped by current unbalance 

Short single-circuit 33-kV tie lines between substations 

Several modern types of pflot-whe .protection are used 

Long single-circuit 33-kV transmission lines suppiyino- 
country districts ° 

Graded time overload relays on radial lines, directional 
overload relays on ring or tie circuits 

Underground 33-kV cables 

Phot-wire type on tie circuits. Instantaneous fault and 
overload time-delay type on radial circuits 

7 • 6-kV lines and cables 

Durectional overload relays on tie circuits. Fuse-shunted 
trip cohs on radial feeders 

33-kV and 7 • 6-kV busbar zones* 

Frames insulated from earth and connected to earth plate 
through current transformers operating multi-contact 
relays 

Transformers 

Howard leakage protection and Buchholz relays 

Generators and their transformers 

* JS _. , 

Generators are connected to 33-kV busbar through step- 
up transformers. The generator and associated trans¬ 
former are protected as one unit by the Merz—Price 
balanced-current system using biased relays 


clewed and examined on the test bench. Inverse time- 
Mnut relays are checked and adjusted so that their actual 
characteristic curves are very close to a common standard 
for -that t37j)e rather than to the maker's curve for the 
particular relay. 

All test data are recorded by the tester on forms which 
are pasted into registers having a page for each relay. 
The mstallation, removal, or alteration in.setting of a 
relay, is also recorded in this way, so that the whole 
history of any relay can be readily seen on a single page 
of the register. Figs. 1, 2 and 3 are samples of the 
record slips used. 

The relays are mounted on steel, or slate, or insulating 
composition panels. The panel wiring is cambric- 
msulated braided flame-proof wire, clipped neatly to the 
back of the boards. Lead-covered multi-core vulcanized- 
rubber cables are used between the relay panels and the 
minimum size of panel wire used is 
I/I4 b.W.G, Metal clips or thimbles are used for attach¬ 
ing wires to the instrument stems. Test links in current- 
transformer circuits are avoided. All wires are tagged 
at their ends, m accordance with the letters or numbers 
of me wirmg^ diagram. The batteries employed for 
closing and tripping purposes each consist of eighteen 
b-volt, 115-ampere-hour, motor-car type accumulators, 
which are trickle-charged. Formerly, 30-volt alkaline 
batteries were used with success, until solenoid-operated 
rea ers requiring comparatively heavy currents were 


?. C. Winfield {JournalI.E.E., 1937, 81, p. 717 ). 

introduced. Alkaline batteries are stm used for tripping 
duty, but only in country substations with infrequent 
attendance. They retain their charge satisfactorily for a 

Adelaide Electric Supply Coi, Ltd. 
Substation Dent. 

Relay Register Slip 

Relay No........... ..Make . Type .. 

Fixed at .,. SiiBSTAtioN ,. 

Removed from 

Line.............,_.,.Circuit...:.. J]Piiase No.. 

Lever Settixg.........Current Tap....Plunger Setting.. 

Remarks ..... Attendant ............ Date ;. 

.••••■—......Checked....:.Date 

....Approved...Date..... 

•.••••••...File...... Date....... 

Fig. 1.—Relay location slip. 

period of 6 months without trickle-charging. Thev are 
completely overhauled every 3 years. In addition to the 
bench test previously mentioned, relays are tested after 
mstallation by passing current through the primaries of 
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Induction Overload Relays. 

Plunger Overload Relays. 

Adelaide Electric Supply Co., Ltd. 
Substation Dept. 

Relay Test Record 


To SS.S. 


Make., 


Type., 


Coy. No. _ 


Rating_..£^?„„cycles_.£..amp. Range, ^ amp. 

o, n 

Indicating coil rating„„„.„.ainp. 

TEST PROCEDURE 

(1) Make a careful inspection 

Were there any mechanical defects ?_ error _ 


Were internal connections and wiring correct ? 

(2) Did relay function correctly when operated on aU 

. Yes 

current taps ?_..._ 

(3) . Were contacts in good condition after six opera¬ 

tions ?_ Ktt _-_ 

(4) Calibration of relays (tabulate results below). 


Before adjustment 


After adjustment 


tU) 

•I t 

u -s 

^ I 

3 o I a 




Time (sec.) to close contacts 


0-84 0-46 . 0-86 


1 06 0’8 


1-66 


3'24 


NOTE. 

1, Minm. is the minimum current to close contacts. 

2, * is a point on the curve wliere the operating time 

is practically constant and is independent of the 
■ current flowing.' 

Insulation test_I 000 volts 0,K. _ 

REMARKS_P.L".!.£."!.^.(itTest by Dateiil£l££. 

Contacts hurmshed Checked by_T)gi.te . 

-_..i.. Approved_......... Date,.,...___ 

__Entered and Filed_ Date . , 

Fig. 2.—Test record of inverse time relay. 


POWER DIRECTIONAL RELAY TEST RECORD 

Adelaide Electric Supply Co., Ltd. 
Substation Dept. 

Mak e ..-^-^‘ _.Type ^ _.Coy. No_££■?._ 

Rating„££_cycles_.£.„.amp..volts, Range..£z™ amp. 

Indicating-coil rating_ _amp_____ 

TEST PROCEDURE. 

(1) Make a careful inspection. Were there any mech¬ 

anical defects ?_ RatV spHng broken _ 

Were internal connections and wiring correct 

(2) Did relay function correctly when operated on all 

current and potehtial taps ?.._ Xit _____ 

(3) Were contacts in good condition after several 

(say 6) operations ?__________ 

(4) Calibration of relays (tabulate results below). 


As found 


ZERO TORQUE TEST 
As left 



Phase Amp. Volts disftmn ? 


A I O 

5 “ ■ 

B 

o 
o 




As found 



OPERATION TORQUE TEST 
As left 


Volts 


W 110 
30 2 

1-0 no 

6-0 6-0 


Phase 

Amp. 

Volts 

Time 

A 


■ 


B 

> 








Time, 

cycles 


INSULATION TEST. O.R. 
Remarks:— 


Hair spring 
replaced 


Test hy Date ; 3 5.1:39 

ng Checked , ; , Date 

Approved........_.........Date_ 

Eiled...„_..........,...„..-..Date_ 

Fig. 3 .—Test record of directional relay. 
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their current transformers to simulate fault conditions. 
The current is obtained from a portable low-voltage 
transformer (Fig. 4) capable of passing up to 3 500 amp. 
This method of testing ensures that any errors in the 
current transformers are taken care of in the settings of 
the relays. 

The settings of relays are co-ordinated by calculations 
performed with the assistance of a locally-made d.c. 
calculating table (Fig. 5, Plate 1, facing page 492). 
Calculations are made whenever any additions to the 
generating plant or extensions of the transmission circuits 
occur. The time settings of relays are checked with an 
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Fig. 4.—Combined auto-transformers and double-vanding 
transformers for testing leakage and other relay circuits 
carr 3 dng currents up to 3 600 amp. 


the oil circuit-breaker closed, the trip-circuit fuse is 
drawn during the test. An alternating current just 
above the pick-up value is passed through the operating 
coil, and the contacts are gently closed. The battery 
circuit is then closed, and if the contacts are in good 
order the indicating lamp lights up. The cover of 
the relay is then removed and the contacts are closely 
examined. If in good order they are not touched, but if 
burnt or tarnished they are pohshed. Prior to the intrO'- 
duction of testing with the 3-volt battery a number of 
cojitact troubles were experienced and an iuvestigation 
was made with the aid of photomicrographs to ascertain 
the cause of the trouble. Figs. 8-13 (Plate 2) show a 
few examples. 

These tests indicated that whatever method of polish¬ 
ing contacts was adopted there was a chance of foreign 
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Fig. 7.—Circuit diagram of relay testing transformer. 

A. Secondary tapping switch. 

B. Carbon-pile rheostat, 
e. Red indicating lamp. 

D. Ammeter terminals. 

E. Press switch in lamp circuit. 

F. Press switch in relay contacts circuit. 

G. Tumbler switch in 240-volt supply circuit. 

H. 3-volt dry battery (two torch cells). 

J. 110-volt supply for cycle counter, 
k. 240-volt supply points. 

L. 0-10 or 0-20-volt transformer secondary to relay coil, 

M. Battery supply to relay contacts. 


automatic cycle-counting device which starts as soon as 
the current transformer is energized, and stops when the 
trip circuit closes. Stop-watch methods are of no use 
for this class of work. Relays are tested and set to 
operate at the correct time-delay with a current of the 
same order as the short-circuit with which they may have 
to deal under fault conditions. 

RELAY MAINTENANCE 

Relays are inspected and tested every 4 months. A 
check is first made on the condition of the relay “ as 
found,” i.e. before the cover is taken off or the moving 
parts are disturbed in any way. A small transformer, 
shown in Fig. 6 (Plate 1) and Fig. 7, giving up to 16 amp. 
and 20 volts, is connected to the alternating-current 
terminals of the relay without disconnecting the current- 
transformer leads. A small 3-volt dry-cell battery with 
switch and indicating lamp in circuit is connected to 
the tnp-circuit terminals of the relay without discon¬ 
necting the trip circuit but with the oil circuit-breaker 
in the open position. "Where it is preferred to keep 


matter remaining, on the surface, and so preventing the 
contacts from closing. The trouble was probably 
accentuated by the use at that time of only 32 volts on 
most of the tripping circuits. With a higher voltage the 
contacts might pass current but would probably burn 
badly. During the investigation it was found that 
rounded contact surfaces gave less trouble than flat 
ones, and that surfaces burnished with ■ a steel tool 
retained their polish longer and burned much less than 
surfaces finished in any other way. ) 

For polishing contacts during the routine inspection a 
” 0000” emery paper is now used and the polishing is 
finished off with chamois leather. Tools are made by 
glueiQg the emery paper or chamois to thin strips of wood. 
After polishing, a rubber bulb with a fine nozzle is used 
to blow off any particles of abrasive or chamois which 
may have adhered to the contacts. An electric torch 
and a magnifying dental mirror are used for examining 
the contact surfaces. 

As a result of the improved technique in contact main¬ 
tenance and the use of the 3-volt test on every relay after 
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A. Is all panel wiring in good condition? ...:..... 

B. Are all relay and trip plunger settings correct?........... 

C. D.C. wiring insulation. Pos. to E.Neg. to E.Pos. to Neg. 

Describe fully any faulty condition found, and remedy used:— 


Tested ....Checked.........Approved...,. 


Fig. 14.— Report foi 

the mechanic has finished installing or overhauling, 
contact troubles have been eliminated. 

The results of the relay inspections are recorded on 
forms similar to that shown in Fig. 14, which are placed 
in the file kept for each substation. Every 3 years each 
relay is brought into the test room for a complete over¬ 
haul, and the results of this examination and test are 
recorded on slips (Figs. 1, 2 and 3) which a,re pasfed 
into the relay registers. The results of all inspection 
reports are tabulated annually and analysed to show the 
kind of trouble that is being checked by the maintenance 
work, and to expose the weaknesses of various types of 
relays and their associated equipment. The results of 

this analysis for the years 1935-38 are sho'vm in Table 3. 

Comments on Table 3 

(1) General. 

> The number of inspections was reduced for the years 
1937 and 1938 owing to the pressure oinew wp^k and the 
extension of the time between inspections from 3 to 
4 months. 

A marked reduction in relay contact troubles was 


L for relay inspections. 

noted, due to: (i) Improved cleaning technique and use 
of contact-testing device, (ii) Certain relay contacts 
changed from copper to german silver, (iii) Certain relay 
contacts now domed and flat instead of having parallel 
surfaces. 

(2) Major defects. 

(а) 1935 Burn on contact surface and inadequate con¬ 

tact pressure combined to prevent relay from 
' tripping oil circuit-breaker. 

Contact finger of plunger-type relay found to 
have inadequate pressure. Fingers now split 
and reinforced. 

1938 Dirty auxiliary switch contacts prevented oil 
circuit-breaker from reclosing. 

(б) 1935 Differential current-type relay, previously 

tested by hand, was found to have inadequate 
conta.ct pressure when closed electrically. 

. (g) 1936 White horn-fibre had been used for liuing 
bobbin cheeks of oil-circuit-breaker trip coils. 
Corrosion occurred at some points of contact 
. between lining and winding. 

1936 7'6-kV mains fouled indicating-system con- 
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ductors and broke down indicating-relay insu¬ 
lation to local wiring. 

1938 Open-circuit developed in relay series resistor- 
wound with No. 40 S.W.G. resistance wire. 

(A) 1936 Bush of relay riser-rod loose on spindle, 

Rivet of drum-switch contact worked loose, 

permitting interrnittent open-circuit. 

(w) 1938 Oil circuit-breaker -wrongly wired to leakage 
relay. 

(3) Minor defects. 

{a) and (5) See (1) and (2), above. 

{c) 1938 Plungers of differential-type relay fouling 
guide-tubes. 

Internal connections of relay found to be 
corroded. 

{d) Condensation on slate panels. 

Water entering oil circuit-breaker via faulty 
bushing cap (outdoor oil circuit-breaker). 
Fracture of lead sheath of control cable. 
Terminal box not watertight (outdoor oil 
circuit-breaker). 

Current-transformer leads jammed by oil 
circuit-breaker mechanism cover. 

{e) Condensation on slate panels. 

Terminal lug of one lead penetrating insulation 
of adjacent lead. 

Relay-cover bearing on indicator coil. 

(/) Oil-circuit-breaker trip-coil current insufficient 

to operate relay targets (especially in case of 
“ interphase ” faults where several relays share 
the tripping current). 

{h) Sticky oil in top bearings. 

Disc incorrectly located relative to damping 
magnets. 

Iron filing lodged in air-gap. 

{h) Loose damping-magnet brackets. 

^ Loose shunt-fuse contacts, 

Loose plunger grub-screw, allowing plunger to 
moye freely on adjusting screw. 

(w) Relay cases not earthed. 

RELAY FAULTS 

As a result of the experience obtained, the folio-wing 
faults in the design or construction of some modern 
relays have been noted. 

Induction Overcurrent and Directional Relays 
Make A. 

(1) Terminal-bushing insulating blocks are weak mech¬ 

anically and electrically. Several" breakdowns 
experienced. 

(2) Cases give poor accessibility for maintenance as 

received. An improvement was effected by in¬ 
verting the covers. (Makers are altering the 
design to improve this.) 

(3) Bare internal wiring with small clearances and con¬ 

siderable risk of short-circuits. 

(4) Current tap plug-sockets were mounted on fibre 

material, which loosened contact on shrinking. 
This has been rectified in a later design. 

(6) Trip indicators operated mechanically by the disc 
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imposed serious extra load and affected time of 
relay at near pick-up current. 

(6) Time-lever scale held on by two screws through 

over-size holes, resultiug in inaccurate location 
of time scale. 

(7) Parallax errors due to time-lever pointers being too 

far away from time scale. 

Make B. 

(1) Inconsistent times when testing, owing to heating 

of coh being much more marked than in other 
makes. ^ * 

(2) No separate trip indicator on instantaneous short- 

circuit attachment. 

(3) Tripping current carried through disc return spring; 

this is undesirable. 

(4) Parallel-faced contacts burn badly (see Figs. 8-13). 

Later models have domed contacts. 

(6) Cup-type top bearings in directional elements wore 
rapidly owing to vibration. Pin-type bearings 
were therefore substituted. Makers now putting 
in pin type. 

(6) No separate holding studs. Using terminal studs 
for, holding relay causes breakage of the stud 
insulating blocks. Detachable studs much pre¬ 
ferred. 

Drum-type Multi-contact Relays 

Make A. 

Faults (1) and (3) same as for this maker’s induction- 
type relays. 

(4) Catch not “ hooked " enough. Several false trips 
were caused by vibration of panels, diie to un¬ 
stable latching. 

(6) One driving spring only on drum. Second spring 
improves operation considerably, and increases 
fector of safety. 

Attracted-Armature Gravity-Operated Multi- 
Contact Relay 

Make C of this type is very susceptible to operation by 
vibration due to unstable latching. 


General 

It will be noticed that unstable latching due to faulty 
construction has been a source of considerable trouble 
with multi-contact relays.* 

GENERAL MAINTENANCE WORK 

Circuit-breakers are overhauled once a year, and 
particular attention is given to the auxiliary switches 
and trip coils. A close examination is made of the 
latching and tripping mechanisms to ensure that they 
function correctly when a tripping impulse is received 
from the relay, as a surprising amount of trouble has 
been experienced with oil-circuit-breaker latching mech¬ 
anisms supplied by reputable manufacturers. 

It has been found advantageous to rewind the trip coils 
of some breakers in order-to reduce the tripping current 
to about 3 amp., thereby minimizing the burning of relay 
contacts. The results of these circuit-bre aker inspections 
also are tabulated and analysed annually. 

The wiring of relays and circuit-breakers is tested every 
4 months for insulation-resistance and continuity. Lead 
•batteries are inspected monthly in the metropolitan sub¬ 
stations, and alkaline batteries half-yearly in the country 
ones. 

Neon glow lamps permanently connected on the relay 
panel are used as indicators to show that the 110-volt 
circuits of voltage transformers are energized, so that a 
blown fuse is quickly detected, 

OPERATING RESULTS 

Some reference can now be made to the results which 
are obtained from the.relays and protection system when 
dealing with actual faults. These results are analysed 
annually, and in Table 4 is shown the percentage of 
accuracy obtained from the relays during the years 
1935-38. This Table is based on the number of indi¬ 
vidual relay operations, which of course is larger than 
the number of faults dealt with, as two or three relays 
may have to operate to clear a fault. Failures to operate 
are practically unknown, but are treated as incorrect 
operations when calculating the percentages. 

♦ See the author’s coatribiition to the discussion on “Fire Protection in 
Major Substations,”/oMWKii J.E.E., 1937, 81, p. 717. 


Table 4t 

Analysis of Relay Operations in the Years Ending 31st August 1936, 1936, 1937 and 1938 




1935 

1936 


1937 


1938 



33 kV 

7-6kV 

Total 

33 kV 

7-6kV 

Total 

83 kV 

7-6 kV 

Total 

SSkV 

7-6 kV 

Total 

Total number of operations 


39 

236 

69 

76 

136 

100 

96 

196 

124 

61 

175 

Number correct 


38 

231 

67 

76 

132 

99 

92 

191 

120 

60 

170 

Number incorrect 


1 

5 

2 

1 

3 

1 

3 

4 

.4, 

..'■■..I' 


Number doubtful 
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- .. 
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..— . ■■ 
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Percentage correct .. 

97-9 

97-4 

97-8 1 

1 

96*6 

98-6 

97-7 

99 
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96-8 

98-0 
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t The references fa), b), c), etc,, are to the “ Comments “ on page 493. 
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{a) 


3.11.34 


7.11.34, 

21.2.36, 

again 

21.2.36 

9.8.35 


Comments on Table 4 

It -was suspected, from the badly burned 
oil-circuit-breaker contacts, that the leak¬ 
age relay was slow in tripping No. 91 
section breaker. This allowed the line 
breaker at Osborne, which was feeding a 
healthy section, to trip. Subsequent tests 
did not reproduce the conditions. 

Croydon. Three operations due to faulty 
equipment, now discarded.. 


Synagogue, Place substation. Induction 
relay had been given a lever setting of 0 • 35, 
which gives an inadequate margin of con¬ 
tact separation. ..When panel was jarred 
during maintenance, relay operated. 

{b)‘{ 14.2.36 (33 kV) Fisher Place substation. Inade¬ 
quate latching of leakage relay (gravity 
type). 

16.5.36 (7 • 6 kV) Synagogue Place. Inadequate 
latching of leakage relay. Trigger found to, 
be riding on striker pin. 

f 3.6.36 Fisher Place. Mechanic omitted to draw 
negative fuse, and oil circuit-breaker 
tripped when relay was operated on test. 

(c) j 11.1.37 Fisher Place. Member of construction stafi 
dropped piece of timber against panel, 
causing leakage relay to operate by 
vibration. 

2.1.37 Aroona Road. Contacts of directional 
overcurrent relay locked closed on through 

(d) -^ fault, causing an incorrect operation when 

direction of load power flow was later 
reversed.: * 

Croydon. Vibration, set up by men work¬ 
ing on switchboard panel, caused pallet 
switch in a directional ^ relay to' make 
contact. , 

(3 operations). Directional relays on No. 94 
oil circuit-breaker slower than those on 
, No. 91 for fault on Gawler " B ” line, 

• owing to poor current-transformer ratios at 
Gawler. These troubles now obviated by 
alteration to current transformers. 

26.2.38 Men breaking up concrete floor operated 
lightly latched leakage relay by vibration^ 
Relays now altered to give positivb 
latching. 

(^). 10.6,38 Men working on panel tripped relay. 


3.12.36 
u\\ again 
V /V g_j2:36 


2.9.37 


im 


Methods of Analysis 

Table 4 is not directly comparable -with any of the 
tables in E.R.A.’ Report F/T94,* which are compiled on 
the basis of the number of disturbances correctly or 
incorrectly dealt with by the protection system. Table 6, 
however, is compiled on the latter basis, but still difiers 
from the tables in the E.R.A. Report in that.all incorrect 
operations or " false trips ” are recorded as faults or 
disturbances of the system. In the author's opinion the 
meihod of analysis used in the E.R.A. Report is seriously 

* Journal I.E.E,,19S6, 97, p, 5^1. 


misleading. By including only the correct operations 
and the failures to trip when calculating the protective 
efficiency we have the anomalous position that a system 
for which a high protective efficiency is claimed, may 
have more incorrect operations than correct ones. Such 
a method is quite unsuitable for the use of undertakings 
which desire a criterion of the efficiency of their protective 
systems. All false trippings due to instability of relays, 
wrong settings, or carelessness on the part of the staflE 
responsible for maintenance, should be shown as a reduc¬ 
tion in protective efficiency. Serious disturbances 
ecjliivalent to those caused by faults can be caused by 
relays which trip-out circuits when they should not do so, 
and such operations should be shown as a reduction of 
protective efficiency. The protective efficiency can be 
satisfactorily defined by the following expression:— 

Number of protection operations correct X 100 
Number of protection operations 

This method has been used in calculating the values given 
in Tables 1 and 6. 

In preparing the data for Table 5 the following rules 
have been observed; An operation is recorded as correct 
if the various relays operate in accordance with the 
designed plan, even if circuits are tripped unnecessarily, 
as, for instance, in case of overlapping of the fields of 
protection. An operation is taken as incorrect if the 
fault is not cleared by the appropriate relays and breakers, 
even if cleared correctly by the back-up protection. 
Circuits tripped by mistake or carelessness of the men 
engaged on switchgear and relay installation and main¬ 
tenance are counted as incorrect operations. (Installa¬ 
tion work is done by the staff of the undertaking.) 
Failures to trip are counted as incorrect operations. 
Failures to trip due to faults in circuit-breakers, instru¬ 
ment transformers, batteries, and wirmg, are included. 

The results shown for the last 2 years in Table 5 are 
not as good as they should be, owing to the large amount 
of reconstruction work carried out in the substations and 
the employment of additional untrained staff. 

...S' %■ ' '■ ■' 

Comments on Talfile 5 

(а) Three of these failures occurred on an old t 5 q)e of 

relay used on special equipment which has since 
been discarded. ■ * 

(б) Fault on No. 3 4^ line. In this case, 

No, 1 line “ A circuit was out for maintenance, 
and a double-circuit fault on No. 3. line reduced 
the number of main lines available to three 
circuits. The s 3 rstem was running near its peak 
load, and the system section s.vitche^ opom-il otil 
overload, through being sc. too low fm- trie, 
abnormal condition. f 

(c) Relay was knocked while panel was being cleaned; 

relay operated by vibration. 

(d) Faulty latching of switch mechanism. 

(e) Faulty internal contact in shunt fuse. 

(/) (i) Relay panel knocked; relay operated by vibra¬ 
tion. (ii) Tester omitted to disconnect tripping 
supply prior to maintenance test on relays. 

{g) Faulty latching on busbar-leakage relay. 

(h) An overcurrent relay, in series with a directional 

relay, failed to release after a through fault; and. 




#■ -i fjt-’ji ’'! 

..-^^iS* 

■''■■"■■ ■ •,>< ••>*•^^ *iif • A • ■► • * 




0.per>a'l'>^'S 








BROOHMAN: MAINTENANCE OF RELAYS 


Plate 2 




Fig. 8. —Contact of relay returned 
from service, showing excessive 
burning (magnification 75), 


Fig. 10 .—Silver contact, showing 
loose particles of abrasive form¬ 
ing lumps (magnification 150). 


Fig. 9.— Silver contact after rub¬ 
bing with abrasive paper, show¬ 
ing embedded particles (magni¬ 
fication 75). 


Fig. 11 .—Accumulation of abra¬ 
sive crystals at edge of contact 
(magnification 75). 






Fig. 12 .—Moving contact of 
relay returned from service, 
showing accumulation of block 
rouge (magnification 150). 


Fig. 13 .—Chamois - leather 
fibre left after wiping con¬ 
tact (magnification 75). 












Table 5* 

System PEOXEcrroN Operations; Yearly Returns fur 1935, 1936, 1937, and 1938 
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when the powei* subsequently reversed, the direc¬ 
tional relay tripped out the switch. 

(j) Vibration, caused by men working on relay switch¬ 

board, operated relay. 

(k) (i) Three-phase busbar fault in transformer house 

supposed to have insufficient earth current to 
operate leakage protection. All sources of supply 
disconnected by back-up protection, (ii) Faulty 
operation oif special equipment which has since 
been discarded, 

(w) Oil circuit-breaker found open without known 
reason; faulty latching suspected. 

[n) (i) No. 742 oil circuit-breaker found open after 

stormy weather during which a number of kicks 
were experienced, which could not be accounted 
for. (ii) No. 742 Oil circuit-breaker found open 
without known reason. Latching overhauled, 

(o) Oil circuit-breaker failed to reclose after fault. 

When tried 10 minutes later it failed to latch, 
but on a second try it closed, thus suggesting 
that the fault was niecha 

{p) (i) Eelays on Nor 94 oil circuit-breaker slower than 
/ those on No. 91 for a fault on Gawler ” B with 
minimum generating plant on busbar. Lost 
Gawler " A " and " B ” lines, (ii) East Terrace: 
men breaking concrete floor operated lightly- 
latched leakage relay by vibration. 

[q) (i) Wrong operation at Gilbert Place; oil-immersed 
switch han(^le moved to " earth " position by 
mistake, (ii) Incorrect switching sequence at 
Willcox Street caused loss of supply at Gilbert 
_ , and Post Office Place substations, (iii) Breaker 
..^ accidentally tripped by mechanic. 

{f) Fisher Place. While leakage relay was being tested, 
t entire station was shut down owing to a mistake 
, in relay wiring. 

{sY'ii) No, 716 on circuit-breaker at Croydon did not 
^ ^ open on fault, owing to locked toggle., (ii) No. 716 
oil circuit-breaker at Aroona Road did not open 
^ ’ 5 on fault. Operator slipped while closing breaker 
-! on to fault..,’Main contacts just "made" but 
> V.,; auxiliary " a " switch was not quite closed, so 
' X that breaker was not electrically trip-free, 
(iii) No. 760 oil circuit-breaker at Woodville, in 
, opening due to fault, formed a copper head on 
' cross-bar, which prevented breaker from tripping 
free when auto-reclosed on.to fault; due to bad 
design of arcing contacts on new equipment. 

(i^) Nnt of relay cover dropped on to oil circuit-breaker 
» trip plate, - . ■ . . .• 

(w) (i) Trip coil of radial feeder oil oircuit-breaker Vas 
■ ' .wtongly comiected to leakage relay, (ii) Hindley 
Street: vibration of panel caused relay to operate. 
(f) 'No. $63 oil circuit-breaker opened owing to faulty 
shunt fuse, 

St. Vincent Street feeder , breaker failed to reclose 
. owfng to faulty mechanism. 

No. ,86B oil, circuit-breaker at Richmond did not 
, reclose automatically, owing to mcorrect adjust¬ 
ment of timing rday;« , 

(y).No. 716 oil circuit-breaker at Croydon did not 
' . - reclose automatically, owing to an open-circuit 

in timiia.g^rel’ay wiring. 
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(^) Operation of No. 108 oil circuit-breaker at Birken¬ 
head. An earth fault was found on the pallet 
switch of an induction-type relay; but this in 
itself would not trip the breaker. No definite 
cause has been found, but it is suspected that 
the operation was the result of a breakdown of 
the insulation due to an inductive kick from 
the closing solenoid of another breaker which 
was being operated at the time, causing the 
pallet switch to operate. 

CONCLUSIONS 

We may now summarize the requirements for successful 
operation of the protective equipment of electricity 
undertakings, as follows:—■ 

(1) Correct design of the protective system, and the 

selection of suitable relays. ' 

(2) Bench tests and inspection of relays before 

installation. 

(3) Careful installation of relays and wiring. 

(4) Setting of relays in accordance with calculated 

short-circuit values at various parts- of-the 
' system, with maximum and minimum generating 

plant connected. . ' ' ' 

(5) Tests simulating fault conditions to verify, per-- 

formance. 

(6) Routine inspection and maintenance of relays and 

associated equipment several times per annum. 

(7) Annual overhaul of circuit-breakers. . 

(8) Bench test of relays every 3-4 years. * 

(&) Records of all inspections and tests., * “ 

(10) Inquests on all protection operations, and reports 

on their correctness or otherwise in comparison 

•with the design. - 

(11) Tabulation and comparison of inspection and opera- 

•tion reports. ^ ' 


(12) Modification of the protective system and the relay 
settings from time to time to meet load growth 
and extensions of the transmission and distribu¬ 
tion network. 

In view of the important duty thej?- have to perform, one 
would like to see protective-relay systems approach much 
nearer 100 % efficiency than they do at present. In rail¬ 
way signalling relays, for instance, the percentage of error 
has been reduced to a small fraction of 1 %, as is also the 
cg.se with telephone relays in the automatic exchanges. 
At the present time, however, in any large power system, 
an accuracy of over 90 % in relay oper%:y,on is regarded 
as reasonably good. There are several^asons why the 
accuracy of protective relaying falls sf^lfar below that 
obtained in railway aijd^ telephone worBJ -' In those cases 
the relays are in con-^ual operation, many times a day, 
and faults in desigp(^:^d eqnstruction are soon detected 
and eliminated. ‘J^jfeective relays, on the other hand, 
operate at very irffile'qilient intervals and perhaps only 
after standing stillTformonths, or, if neglected, for years. 
Another reason is that signal and telephone relays operate 
' under - closely controlled 'conditions, whilst protective 
•f'relays have to deal with a wide range of fault conditions, 
sometimes accompanied by surges. In spite of this, 
hoWeyer, the accumulation of experience and research 
in the" relay field, combined with careful installation 
and maintenance, will undoubtedly make possible, in the 
future, a nearer approach to 100 % efficiency. 
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DISCUSSION BEFORE THE METER AND INSTRUMENT SECTION, 2ND FEBRUARY, 1940 

protective equipment should be planned with the need 
in view for adequate facilities for testing and inspection. 
Relay panels, for example, should be located in accessible 
positions, and relays should be well spaced and should 

_ _ _ not be set below a certain minimum height (18 in. is 

were due to design defects, 18 to defects in construction suggested) on the relay panel. Covers should be dust- 
and 20 might have been eliminated by careful main- proof and yet provide facilities for inspecting the general 


' Mr. F, J. Lane: The author begins by suggesting that 
lack of maintenance is largely responsible for the poor 
results that are obtained from protective gear. In an 
effort to check tkis statement I recently examined 83 
cases of incorrect relay operation. I found that 28 faults 


tenance. Of the remainder, 11 were due to the human 
element and 6 were unexplained. Thus, although lack 
of maintenance is an important contributory factor, it 
i*s not necessarily the most important factor affecting 
protective-gear performance. 

Regular maintenance work on protective equipment 
must be regarded as essential because [a) it ensures 
freedom of operation of the apparatus; (fo) it provides 
opportunities for detecting incipient faults; {c) it pro¬ 
vides opportunities for detecting defects in construction 
of relays, and design of the protective equipment as a 
whole; [d) it provides the staff with a basic knowledge 
of the equipment, enabling them to diagnose more easily 
the cause of troubles occurring during system fault 
conditions. 

If routine maintenance work is to be carried out effi¬ 
ciently it is imperative that from the very beginning the 


assembly without removing the relay from the panel. 
Relay terminals should be well spaced to give adequate 
clearance between adjacent Ross-Courtenay wiring ter¬ 
minations, and should be large enough to withstand the 
forces normally applied when tightening connections. 
F6r testing purposes it is important to have good facihties 
for the isolation of each equipment from the general body 
of small w'iring. The author objects to the provision 
of test links in current-transformer circuits, but ex¬ 
perience in this country has shown that adequate main¬ 
tenance of the more complex equipments in use here is 
not possible-without them; they should be mounted on 
the front, of the panel so as to permit the tester to 
connect and watch his instruments while observing the 
various relay operations. 

A typical assembly of test links is shown in Fig. A. 
These permit isolation of d.c. circuits, insertion of instru- 
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raents in current-transformer secondary circuits, and 
measurement of secondary voltages. 

An alternative to the test link is the " test switch,” an 
example of which is illustrated in Fig. B. When the 
switch is in the normal position the current, voltage and 
d.c. circuits to the relays are completed through robust 
contacts. On turning the switch to the ” test ” position 
the relay current coils are isolated, the current-transformer 
secondary windings are short-circuited, and the voltage 
and d.c. connections are isolated. Test sockets are then 
available on the panel to permit injection tests to Jce 
made on the relays without ri.sk of tripping adjacent 
equipments. If sepaimte te.st switches are provided for 
the main and the back-up protective units, relays can 
be tested and calibrated while the associated primary 
circuit is kept on load, an important advantage where 
spare transmission capacity is limited or on occasions 
when there is difficult)/ in co-ordinating the ” primary ” 
and ” protective gear ” maintenance programmes. 

Small wiring is also well worthy of attention in the 
design and construction stage. For the d.c. circuits the 
preparation of a simplified, or key, diagram is invaluable, 



Fig. A.—^Typical protective-gear test-link assembly (cover 

removed). 


as it gives a clear picture of the chcuit arrangement and 
enables the tester to see immediately the possible effect 
of removing a link or a connection; so-called ” sneak 
circuits ” have accounted for far too many incorrect 
tripping operations during testing. Open-circuitsarising 
from electrolytic corrosion can be largely eliminated by 
arranging that relay coils are not normally connected to 
the positive side of the battery. In the a.c. circuits 
maintenance testing can be eased by providing each set 
of connections (say, each set of current-transformer or 
voltage-transformer secondary circuits) with its own 
return earth lead, and by earthing each such circuit at 
one point only. Terminal boards should be accessible, 
and I agree with the author that all wiring terminations 
should be clearly numbered to correspond with the asso¬ 
ciated diagram of donneotion s. In his Inaugural Address* 
the President (Mr. Johnstone Wright) has suggested the 
adoption of a standard system of numbering or marking 
term inations, to be applicable whatever the manufacturer. 

If points similar to those mentioned above are watched 
during design and manufacture, efficient maintenance 
becomes ‘a possibility. The next step is the selection 
and training of testing staff. Protec-ifive-gear assistants 
should preferably have had works experience in the design, 

* Jowma?19(10, 86, p. 1. 


construction and testing of current transformers and 
relays. They should be encouraged to take an interest 
in protective gear as complete units, not merely in the 
individual relays; manufacturers could help materially 
to ensure clear understanding of operation by providing 
a descriptive pamphlet covering the equipment as 
supplied, its principle of operation, recommendations as 
to routine tests, and possibly suggestions as to location 
of trouble in service. For the purpose of educating staff, 
commissioning tests are invaluable, as it is then necessary 
to check through every item in detail—current trans¬ 
formers, small wiring, multi-core cables, relays—and even 
though this work may be strictly the contractor’s 
responsibility, the local maintenance staff should follow 
the tests carefully, making their own notes of the results 
and learning the connection and location of the various 
components. 

Routine testing should be carefully planned, and 



Fig. B .—Protective-gear test-switch assembly for panel 
mounting, view from below (covers removed). 


should be interrupted as little as possible. The author 
draws attention to the reduction of efficiency which 
followed the longer maintenance intervals and the intro¬ 
duction of less-skiUed stafi during a heavier construction 
programme. Circuit-breaker trip circuits can be tested 
from associated relays once a month by an engineer who 
is not necessarily a protective-gear specialist. The 
author suggests that general tests should be undertaken 
every 4 months; this must require a large staff, and seems 
to me unnecessarily frequent as experience here indicates 
that once every year is sufficient. I do not agree that 
bench tests are essential every 3-4 years; we have fouird 
it quite sufficient to carry out a bench overhaul only 
when a relay develops a fault which cannot be cleared 
easily at site. 

It is a good plan, to arrange for all routine test records 
to be scrutinized by one person, so that any fault which 
is apphcable to a particular type of equipment can be 
rectified wherever apparatus of the same kind is located. 

The importance of collecting data as to the performance 
of protective gear in service is now generally recognized. 
The author complains that the E. R.A. basis, whereby 
the performance is judged on the number of system faults 
correctly cleared, is unsatisfactory if the performance of 
a particular protective system is to be properly assessed. 
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That is true, but to obtain a performance figure for any 
particular protective system will require a much more 
careful analysis of the results than even the author 
suggests. He includes in his figures the inadvertent 
tripping of relays by operators, and the' inaccurate setting 
of relays by maintenance staff; these are faults which 
only in very exceptional cases can be attributed to defects 
in the protective gear as such. 

The justification for the E.R.A. basis lies in the fact 
that the protective gear is provided primarily to isolate 
faulty equipment, and therefore its behaviour under 
fault conditions is the criterion of most general interest. 
On the transmission circuits of the Central Electricity 
Board the performance figures obtained during the past 
B years are as follows: 

1937 1938 1939 

Total number of faults ■ ■ 441 ^ 440 598 

Faults correctly cleared • • 358 379 . 543 

Percentage correctly cleared •• 85'3 88-5 90-8 

In 1939, one district had 91 faults cleared correctly out 
of a total of 93, or 98 % correct. 

The author suggests that performance should be 
assessed on the basis of the number of relay operations, 
but it is not clear how these are computed. For instance, 
is the circuit-breaker trip coil counted as a relay element 
operating independently; or, wnth a complicated relay 
equipment like 132-kV ratio-balance feeder protection, 
should' one include each earth-fault starting element, 
phase selector, selector contactor, clock rheostat, ratio¬ 
measuring element and tripping contactor as an inde¬ 
pendent'relay, maldng 6 relay units for each correct 
earth-fault clearance ? 

As to the possibility of attaining a performance figure 
of 100 %, it is probable that this figure may be reached 
where the simpler types of protective gear are employed, 
but the ideal figure must be treated with extreme caution 
where the more complex types are involved. For 
example, it is possible that all types of feeder fault could 
be cleared with 100 % efficiency if protective equipment 
of the balanced or Merz-Price type were installed. In 
actual practice, however, the cost of the necessary pilot 
cables would be prohibitive on the longer overhead lines, 
and consequently the responsible engineer would select 
a cheaper but more complicated arrangement, using 
directional relays, distance relays, or high-frequency 
carrier-current interlock equipment. The use of direc¬ 
tional relays, employing a comparison of current and 
voltage, inevitably introduces weakness, not merely 
because of additional complication but also because there 
are certain types of primary fault which these relays 
cannot locate and clear accurately. While, therefore, 
100 % efficiency is a desirable aim, supply engineers 
should appreciate that economic considerations must 
often limit the choice of equipment to relay systems 
which, while clearing selectively the majority of fault 
conditions, will be found wanting in certain of the more 
complex faults. 

Ml*. A. J. Gibbons: Probably one fundamental cause 
of the troubles which have been experienced on systems 
equipped with protective gear has been the employment 
of either untrained or unsuitable staff, a subject which 
is hardly mentioned in the paper. As supply systems 


increase in complexity, there is a rise in the standard 
of technical knowledge and skill that is required from the 
staff. It must be borne in mind that on the technical 
knowledge of supply system protective-gear maintenance 
staffs rests a majoi" responsibility for the maximum pos¬ 
sible continuity of supply when faults or distuibances 
occur. The engineer concerned with protective gear 
must have had a very thorough technical training to 
enable him to appreciate both the fundamentals and the 
more detailed functions of the complex schemes with 
wliich he is dealing. His training should include ex¬ 
perience with heavy' plant, and it is especially important 
that he should be familiar with high-voltage switchgear 
as well as being thoroughly conversant with relays, 
instrument transformers and measuring instruments. 

A man who fulfils these conditions can be trusted to 
discover any defects that exist, even if they are only 
incipient. Such a man will have the skill and inventive 
ingenuity to improvise tests with any apparatus which 
may be available, in order to track trouble to its source. 
He will, of course, have to be adequately paid. It i.s 
• quite hopeless to attempt to deal with protective-gear 
maintenance solely by means of instrument mechanics, 
since the relays in a protective scheme are only a part of 
a complex whole. 

On the system with which I am concerned there is a 
large ainount of h.v. protective gear, protecting some 
35 generators, 147 feeders, 126 transformers and 108 
coupling equipments; and there are also 32 sets of busbar 
protection. This gear is maintained by a section of the 
test department consisting of one protective-gear engi¬ 
neer, a senior assistant, and two junior assistants, all of 
whom have the status of Associate Member or Graduate 
of The Institution. We aim at making a site test on 
every equipment once a year. The duties of the pro¬ 
tective-gear section comprise the preparation of pro¬ 
tective-gear schemes for new plant; the commissioning 
of all new plant, including phasing tests; the maintenance 
of the gear throughout the rest of its life; responsibility 
for all settings in conjunction with the control depart¬ 
ment ; and the keeping of all records. Generally speaking, 
failures to trip are completely unknown. 

Mr. J. G. Wellings: The author introduces his paper 
by deploring the performance of certain types of pro¬ 
tective gear, and considers that inadequate maintenance 
is largely responsible. In Table 6, however, for the year 
1938 a total of 18 incorrect operations are shown. I think 
it is wrong to include the 4 due to faulty mechanism of 
the oil circuit-breaker and the 5 due to the human ele¬ 
ment. Of the remaining 9 incorrect operations, 3 were 
due to faulty relay settings, and the remaining 6 are 
unaccounted for; so that, adopting my view of the 
matter, two-thirds of the troubles wdfich occurred with 
the protective gear are left unexplained. 

While agreeing, therefore, that protective gear requires 
proper maintenance, I think it is likely that a high per¬ 
centage of the troubles recorded is due to the design of 
the protective gear, and the lack of co-ordination of all 
the component parts. 

Protective gear starts at the primary terminals of the 
current and/or voltage transformers and ends at the 
tripping terminals of the relay. There is, in my view, 
far too much concentration upon the relay instead of on 
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the protective system as a whole. A good deal of trouble 
.and maintenance work on site might be avoided if engi¬ 
neers would specify, when tendering and ordering, a 
definite rating for the protective gear as a unit; and of 
course the gear should be tested to make sure that it 
gives the performance expected of it. 

I cannot associate myself with the author’s view on 
the question of assessing the percentage efficiency, 
because he hcis apparently left out of the total number of 
operating occasions the vast number of cases when the 
conditioirs were such that the protective ^ gear mi^ht 
have tripped incorrectly, but in actual fact did not do so. 

I do not see how anyone can correctly assess a percentage 
efficiently for protective gear, but it is very valuable to 
have full data recorded in connection with such operations 
as are known to have occurred. 

I agree with the author regarding the provision of test 
links. These are convenient for routine testing, on site, 
but in several types of protection, particularly restiicted 
earth leakage, an increased length of lead between trans¬ 
formers is involved where there is any considerable dis¬ 
tance between the transformers and the panels on which 
the test links are mounted. The additional burden 
imposed by these longer leads is sometimes a serious 

limitation of the performance. 

In Item (k) (i) of his comments on Table 5 the author 
states “ Three-phase bu.sbar fault in transformer house 
supposed to have insufficient earth current to operate 
leakage protection.” I should like to know whether the 
protective gear was supposed to be sensitive to phase 
fault as well as to earth fault, because if not, it will be 
unfair to class that item as a failure of the protective 
gear as such; although it might be classed as failui e to 
specify adequately the performance that is required of 

the gear. . , . i • 

Mr. J. F. Shipley : As Adelaide is a district which is 

occasionally troubled by dust, I am surprised that the 
paper does not mention instances where dust has caused 
incorrect operation of relays. Unless a meter case is 
hermetically sealed it will not be dustproof. The only 
way to ensure dustproofness is to insulate the outside 
•of the single meter case with a layer of air; in other words, 
to surround it by a second case. 

A recent instance which came to my notice in London 
was concerned with G.P.O. telephone-type relays used 
for a very large installation of lifts. The service was such 
that it involved over 16 000 000 journeys a year, and 
during the first 2 years there was 1 fault in every 9 000 
journeys. An independent engineer who was called in 
exonerated the manufacturer and diagnosed the faults 
as being entirely due to dust. He had noticed that the 
•concrete floor was bare, the walls and roof were not 
painted, and when he walked along the floor a little 
vortex ring of dust was sent out from his feet. Instruc¬ 
tions were therefore given to vacuum-clean the floor, walls 
.and roof of a lift chamber. The floor was then covered 
with linoleum, which was cemented down with mastic 
to prevent it acting as a dust bellows, and the walls and 
roof were sprayed with cellulose paint. A small fan and 
filter were then installed to supply filtered air under slight 
•excess pressure to prevent the ingress of any atmosphemc 
•dust. The result of a 6 months’ trial of the modified 
installation was 1 fault in 68 600 runs, involving about 


17 000 000 contact changes, as against 1 fault in about 
2 250 000 contact changes with the original arrangement. 

I believe the G.P.O. standard is 1 faultinabout 10 000 000 

contact changes. .... a ■ 

It seems therefore, that dust is responsible for a good 
many more troubles than is sometimes imagined. If I 
were designing switchgear with relays attached to it I 
should insist on no relay being placed within 3 ft. of the 

Another trouble I have met, but which is not mentioned 
in the paper because it would not occur in Adelaide, is 
condensation. This may be responsible for trouble, not 
only after erection, but during transit. _ Instrument 
makers have found the necessity of preventing pieces of 
apparatus fi-om moving during transit by means of 
material that is not hygroscopic. In many cases wdiere 
paper or press-spahn has been used I have found that at 
the end of a jommey of only a fortnight in a ship’s hold 
through the tropics the condensation has ruined not only 
the contacts but the whole of the interior of the instru¬ 
ment as well. Condensation also causes a deposit (known 
, as ” blue mould ”) on contacts which are not made of 
platinum, in countries wdiere there are very high humidity 
conditions for long periods. The consequences of relay 
or regular contacts being defective may be very serious. 

Mr. L. B. S. Golds : With reference to the periodical 
testing of relays, my experience has inclined me to favoui 
taking the relays off the panel and servicing them in the 
test room. A large number of relays are installed within 
2 ft. of the floor, and it is impossible for a man to service 
a relay properly when he is lying on the floor. Dust is a 
much greater source of trouble than has previously been 
supposed: in my opinion the covers of relays should not 
be removed in the substation, but there is no objection to 
doing this where relays are installed in a control room. 

It is necessary to test induction relays as far as pos¬ 
sible under the circuit conditions in which they are to 
operate. Under system fault condition.s there is con¬ 
siderable impedance in series with the current tran.s- 
former tending to reduce the proportion of third harmonic 
in the circuit, but when the relay is tested on a phantom¬ 
load test-set the. maximum voltage is about 400 volts, 
and the result is that the impedance of the saturated iron 
circuit of the relay is a fair proportion of the whole, so 
that at 16 to 20 times the minimum tripping current on 
the relay the wave form is far from sinusoidal, and may 
cause maldiscrimination when relays which ma}'" have 
been tested with the same test set are operating on current 
transformers of different rafips. This is a point which 
the author does not sufficiently emphasize. i _ 

Relays should be tested at more than 8 times the mmi- 
mum tripping current, particularly when testing on site, 
because the effect of the burden of the relay on the current 
transformer is only beginning to be apparent, ihe per¬ 
formance of relays with certain current transfoimeis a" 
more than 10 times the minimum tripping current is 
deplorable. I should like to have more particulais ox 
the characterifstics of both the test circuits in the test 
room and the author’s on-site testing transformer. I 
tbink that the minimum .size of on-site testing, trans- 
• former which can be used is 5 kVA, and 1 should like to 
have the view of the author on this point. 

I am glad that he emphasizes the important point that 
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the relay has only to deal with occasional operations. 
The pivot and jewel are subjected to tremendous 
pressures, and in areas where there is heavy trafEc I 
have found that when the relay is taken out of service 
after 3-4 5 rears in operation there is sometimes a hole 
bored nearly through the jewel. I would suggest that 
all jewels used in induction relays should be impact- 
tested b}^ the manufacturers. 

Mr. A. W. Sweetinburgh: I am^ interested to see 
that many of the failures listed by the author are really 
failures of " associated equipment ” rather than of relays. 

I have had similar experience. In looking for the causes 
of these failures it seems to me that the maintenance 
tests of the associated equipment should not be ignored. 

I also think that manufacturers might devote some 
attention to providing facilities for routine tests. 

A good deal has been said by previous speakers about 
the qualities desirable in a protection engineer; I would 
point out that many undertakings could not economically 
include such an individual on their staff, and many of the 
smaller undertakings who use protective equipment have 
to be content with hoping that it will function when the, 
occasion arises. This being so, the manufacturers, in 
their own interests, should try to provide the under¬ 
takings with simple means of making tests which will 
prove that the apparatus, having once been correctly 
installed, is still in working order. If the arrangement 
of'the associated equipment and the protective gear 
proper were designed to facihtate such tests, it would be 
easy for a relatively unskilled man to detect open-circuits, 
defective insulation, etc. 

I have discovered that protective gear which is other¬ 
wise perfectly satisfactory does not work very well if a 
junction box associated with it is soaked with rain water. 
Another common weakness is that the wiring remote 
from the control gear but associated with the protective 
equipment is badly executed. Such defects are not 
likely to receive the attention of the protection engineer, 
and the only way to avoid them is by giving more care 
to the original installation. 

Mr. E. S. Bolton {communicated): The author .states 
that on his system graded time-delays are avoided wher¬ 
ever possible; I should have thought, however, that it 
would be better to use them wherever possible, as there 
are quite a number of instantaneous faults, especially on 
transmission lines in stormy weather, where if one had a 
time-lag setting the faults would clear themselves with¬ 
out doing any serious damage. Also, a great amount 
of time and expense would be saved. 

iThe author does not mention whether he has, tested 
the various types of oil used in circuit-breakers for per¬ 
centage moisture, inorganic acid, percentage of sludge, 
etc., over a period of time, and after a fault; nor does he 
state how often the oil is filtered or changed. 

In conclusion, I should like to know whether the author 
has used the Wedmore type of protection, with two time- 
lag overload relays and one phase connected for earth 
fault; and what is his opinion regarding this system of 
protection. 

Mr. A. G. Forgan [communicated ): The paper deals 
with a subject the importance of which is often over¬ 
looked, particularly by those who fail to realize that the 
construction of the grid has brought in its train a large 


increase in the available fault capacity. Not only has 
the rupturing capacity of switchgear to be increased but 
steps have to be taken to ensure the reliability of relay 
operation. 

Fig. 4 in the paper shows an excellent design of injec¬ 
tion transformer; this diagram would be increased in 
value if the circuits for and the mechanism of the 120-volt 
cycle-counter could be added. The importance of an 
injection test on the primary of a current transformer 
was shown fairly recently when the manufacturers 
installed and handed over an oil circuit-breaker with 
the current-transformer and voltage-transformer leads 
crossed. 'Visual examination and operation of the oil 
circuit-breaker for closing and tripping on control switch 
and for tripping by closing the relay tripping contacts 
did not disclose any defect. It remained for a fault to 
develop, some 6 weeks later, to reveal that the protective 
system was defective by failing to operate the oil circuit- 
breaker, thus causing the clearing of the fault to be done 
by the C.E.B. transformer switches. 

The importance of testing the operation of the old- 
fashioned a.c. trip with time-limit fuses is often over¬ 
looked, with the result that the troubles consequent on 
sluggish operation are not eliminated. These, at the 
worst, take the form of fusing of cables due to passage 
of fault current and the firing of oil in the transformers. 
Testing of current transformers and relays may not, 
however, reveal incipient insulation breakdowns such as 
occurred in two cases when the insulation of the primary 
of a trombone-type current transformer broke down and 
injected 6- 6-kV current into the secondary wiring. This 
danger should be eliminated with the bar-type p^imar 3 ^ 
It is felt, however, that the pressure of new work in 
reducing the number of relay inspections must have been 
beneficial from a cost point of view, without any loss of 
operational reliabihty. It should be adequate to carry 
out annual inspection and testing combined with inspec¬ 
tion and testing whenever the operation of the oil circuit- 
breaker under fault conditions necessitates examination 
of arcing and main contacts. 

Mr. H. J. Fraser [communicated ): It is desirable that 
relays and protective equipment should as far as prac¬ 
ticable be standardized; though this practice is not 
necessarily cheap in first cost it should show a saving in 
ultimate maintenance costs. 

Bench tests of relays before installation are valuable, 
as by this means minor mechanical faults may be 
detected much more easily than when the relay is 
mounted in its permanent position. Where the under¬ 
taking is a small one and unable to devote special 
mechanics to this type of testing, a meter testing station 
is usually available, and routine tests are readily carried 
out by the meter staff. In view of the large volume of 
routine testing carried out on the author’s system, I 
presume that a special staff is devoted to this purpose; 
perhaps he could give some idea as to its constitution, 
i.e. number of engineers, mechanics, etc. 

From Table 2 I note that fuse-shunted trip coils are 
in use on some of the 7*6-kV radial feeders. Though 
this forms a very cheap type of protection, in my ex¬ 
perience it is most unrehable, as the fuse wire deteriorates 
rapidly under anything approaching fuU-load conditions. 
Also, with heavy fault currents the trip coil may operate 
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without blowing the fuse, and the circuit may be 
interrupted at the wrong point. 

The author mentions that besides being bench-tested 
relays are tested after installation by primary injection, 
presumably from a point within easy reach of the 
protective current-transformers. Where practicable, 
does he carry out such tests by injecting current directly 
into the feeders ? It is sometimes possible to isolate a 
feeder on its own busbar at the generating station, and, 
where the generator units are not too large, to run up a 
machine specially for the purpose of testing with simu¬ 
lated faults on tiie feeder. This gives what is probabTy 
the closest approximation to actual fault conditions, but 
is often diflicult to carry out unless the feeder happens to 
terminate at a generating point. 

However, as it is nowadays appreciated that routine 
testing is important, there appears to be some scope for 
low-voltage testing equipment of the induction-regulator 
type, for direct injection current testing on important 
trunk feeders. 

Mr. G. O. McLean [communicated ): The author’s 
relay maintenance procedure has one or two features 
which are here considered bad practice. In this category 
I would place [a) the use of single-core 1/14 S.W.G. cable 
(page 486) on any protective gear; [b) the avoidance of 
test links, especially where routine testing is as frequent 
as at 4-monthly intervals; aiid (c) the use of “ trip-circuit 
fuses ” (page 488). 

The author uses a cycle-counter, though most relay 
times are measured in seconds, and condemns stop-watch 
methods. vStop-watches (whether spring or synchronously 
driven) can. be started and stojiped automatically by the 
main testing switch. Relay times are greatly affected 
by the wave form of the test supply, and the paper would 
have been improved by the inclusion of a complete speci¬ 
fication. of the author’s testing transformer, shown in 


Fig. 4. Many of the incorrect operations appear to have 
been caused by vibration, and “ an. inadequate margin 
of contact separation ” is mentioned (page 492) without 
any definition in physical terms of “ adequacy.” For 
” low inertia ” relays in substations near heavy road 
traffic, I have found in. to be a safe minimum clearance. 

Mr. A. E. Quenzer [communicated): The paper shows 
that by overcoming his early difficulties and using the 
experience gained the author ensures that faulty opera¬ 
tions are rarely repeated. 

If all relay engineers kept in mind and practised the 
Conclusions set out on page 494 the approach to 100 % 
efficiency would not long be delayed. 

It is disappointing that the paper makes little mention 
of insulation tests, either on transformers relays or on 
wiring. Another point is, the omission of remarks con¬ 
cerning relay pivots and bearings. 

Referring to Table 5, is there any particular reason for 
the large difference between the number of operations 
of the reclose relays during 1937 and 1938 ? It must be 
satisfying to the author to note that the percentage of 
^correct operation remains about the same. 

Mr. A. E. F. Spence (South Africa) [communicated ): 
The author is to be congratulated on the very complete 
and thorough system of testing and inspection employed 
on his undertaking. I do not think that every concern 
of that type could show such a standard—in fact, a sort 
of cheerful neglect is the lot of many relays and protective 
systems. 

His comments on the various failures are particularly 
interesting, but it does not .seem to be fair to the relays 
to count all mistakes and carelessness of staff as incorrect 
operations. 

[The author’s reply to this discussion will be found on 
page 603.] 
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Mr., C. Ryder: The author apparently found relay 
contacts rather troublesome until the technique of 
cleaning them correctly had been developed. His 
photographs show in a very striking manner how easy 
it is to make the condition of a contact worse by cleaning 
it in the wrong manner. General experience seems to 
indicate that, provided alignment is maintained, .silver 
contacts give very little trouble, since a tiny ” wipe ” 
is sufficient to break down any moisture film. Once 
curreirt .starts to flow, the arc produced by any attempt 
to break circuit burns the surface clean, and positive 
contact is thus established. A tarnished contact surface 
does not necessarily require cleaning, since the tarnish is 
mainly silver sulphide, which is practically as good a 
conductor as the silver. In view of this I should like to 
ask the author whether under testing conditions the relay 
contacts actually failed to trip the circuit-breaker or 
whether they failed to m.ake a test circuit in which the 
current was limited to a relatively small value; also 

* The paper by Messrs. J, W. Gallop and R. H. Boiisfield, entitled “ Appli¬ 
cations and Limitations of the Inverse-Time Overload Relay to the Protection 
of an 11-kV Network ’’ (see page 113), was also read and discussed at Uns 
meeting, and the discussion relating to that paper has already been published 
(see page 129). 


whether the earlier cleaning operations were responsible 
for a proportion of later failures. 

One of the criticisms made by the author is lack of 
accessibility for maintenance purposes, but I should like 
to mention that, in the pa.st, supply authorities them¬ 
selves have generally insisted on adequate protection 
against the ingress of du.st, etc., when the cover is removed 
for making adju.stments. This feature, however, has 
been borne in mind in a recent design of relay case in 
which a removable flat lid is provided for frontal adjust¬ 
ments, such as time and current settings, but for thorough 
inspection the whole of the case can be removed leavnng 
the relay elements and back-plate attached to the panel. 

With regard to Tables 4 and 6, I was expecting to 
find, from Mr. Bell’s remarks in introducing the paper, 
that relays are responsible for the majority of un¬ 
necessary system operations. Table 6 shows, however, 
that out of a total of 483 operations with 39 incorrect, 
only 6 incorrect operations were due to the relays them¬ 
selves. I suggest that the two items ” Faulty relay 
mechanism” and "Faulty relay settings ” might with 
advantage be split up into three, e.g. " Faulty relay, 

" Faulty maintenance ” and ” Faulty application.” 
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This would help to distinguish faulty design, materials 
or workmanship in the relays from bad handling by the 
staff for maintenance purposes and the incorrect deter¬ 
mination of settings and location of relays. Under these 
conditions it would seem that the three faults on the 
33-kV gear during 1936 which were due to mal-operation 
of old and obsolete apparatus could be classed as faulty 
application rather than as faulty relays; perhaps Mr. 
Brookman would give his views on this point. 

Table 4 summarizes the relay operations, the total 
being 741, of, which 724 are correct. With the re¬ 
grouping suggested above, the incorrect operations would 
be divided into: 2 due to relays, 10 due to maintenance 
and application, and 5 due to the human element. 

The author is in the best position to assess any 
relative merits indicated by these figures, since location, 
service conditions and personnel, all have a bearing on 
the matter. It would seem, however, .from the totals 
given which indicate a relay operating efficiency of 
97-7 %, that the protective relays maintain the high 
standard so obviously desired by him in his efforts to 
improve the overall ef&cienc}^ 

I should have expected the difference between relay 
operations and system operations to be much greater 
than is indicated by the figures of 741 and 483 respec¬ 
tively. This, of course, is on the assumption that the 
totals of relay operations include those relays successfully 
discriminating together with those “ stabilizing ” under 
system fault conditions. Perhaps the author would say 
whether my assumption is correct, as if so a ratio of, say, 
3 or 4 to 1 would normally be anticipated. 

Mr, J. E. Peters: I should like to emphasize the 
importance of making a careful selection of the most 
suitable protective gear for any given piece of apparatus, 
always bearing in mind the characteristics of the pro¬ 
tective gear on adjacent apparatus, and the need for 
canying out thorough inspection and tests after installa¬ 
tion, before the protective gear is put into commission. 
One point should, I think, be added to the author’s 
list of requirements, namely that adequate tests of the 
complete protective equipment should be carried out in 
the manufacturer s works to demonstrate its satisfactory 
performance over the whole range of fault currents to 
whichitmaybe subjected in practice. This is particularly 
important where a new design or application is involved, 
or w'here stabihty on through faults depends on the 
balance of current transformers. 

The engineer responsible for testing and com¬ 
missioning protective gear on site often finds that, with 
thp equipment at his disposal, it is only possible to 
inject quite a small primary current to confirm that 
the protective gear has been correctly installed; whereas 
in the manufacturer’s works facilities should exist to 
test the gear at currents up to the equivalent of maximum 
fault conditions. 

Returning to the question of maintenance, it is rather 
alarming to note that the author considers it neces¬ 
sary to bring in relays from site every 3 years for bench 
overhaul and calibration in his test room. Such'a pro¬ 
cedure has certainly not been found necessary in the 
N.W. England area of the Central Electricity Board’s 
system, w-here there are nearly 2 000 protective relays 
■to maintain. Here it is found more convenient to carry 


out calibration tests on site without disturbing con¬ 
nections, and a relay is only brought in for bench 
overhaul if it is found to be defective during site tests. 

The results of these tests are entered-up on site in a 
special "technical log,’’ one of which exists for each 
substa-tion. This technical log is in loose-leaf form and 
is composed of sheets for recording all the tests and 
inspections made, each sheet being set out in com¬ 
parative form. The test engineer has with him, there¬ 
fore, the complete liistoiy of all the protective gear at 
the substation. For example, if timing tests are being 
carried out on a relay by secondary injection methods, 
the appropriate record sheet in the technical log gives 
also the results of all previous timing tests on that relay 
together with particulars of any adjustments made; or if 
insulation-resistance tests are being made on, say, a 
current-transformer circuit, the corresponding record 
sheet in the log gives the results of all previous insulation- 
resistance tests on that circuit. Tliis method of recording 
tests is found to be most useful and informative, and 
reduces the time spent on entering-up test records to a 
minimum. 

The author refers to the use of telephone-type relays 
in connection with his pilot-wire protective schemes; 
I should be interested to know what maintenance he finds 
necessary on this type of equipment, what type of pilots 
are employed and how frequently they are tested. 

There are many component parts in a modern pro¬ 
tective equipment which require regular attention if the 
goal of 100 % correct .performance is to be attained. 
Some of the less obvious though vitally important ones 
are fuses, links, auxiliary switches, multi-core terminal 
boxes and outdoor current-transformer terminal boxes. 
I think attention should be drawn to the need for includ¬ 
ing a periodic inspection and maintenance of these com¬ 
ponents in any comprehensive maintenance programme. 

Mr. S. R. Mellonie : Dealing with the general ques'tion 
of the maintenance of relays, the difficulty does not lie 
■with the relay itself but with the s'witchgear manu¬ 
facturers who put the relays in inaccessible positions, e.g. 
near ■the floor, where reasonable examination is difficult. 

It is desirable to standardize the colouring or mode 
of flag indication. The manufacturers provide a varied 
assortment of colours and this leads to confusion when 
reports are being analysed. 

One other point is the testing of the components of the 
relay connections. There are two circuits—the current- 

transformer secondary circuit and the trip-coil circuit_ 

and they must be tested separately. The proper way 
to test a current-transformer secondary circuit is by 
injecting a current into the primary circuit; but on 
metalclad gear this presents difficulties. 

In my opinion the trip-coil circuit is more liable to 
faults than the current-transformer secondary circuit. 
We have adopted a very simple testing device: a 2-pin 
socket is connected across the relay contacts and the 
substation inspector carries in his pocket a device con¬ 
sisting of a lamp, current-limiting resistor and 2-pin plug. 
The combination of lamp and resistor is so arranged that 
when the device is plugged into a 2-pin socket it passes 
just sufficient current to fight the lamp but not sufficient 
to "trip the oil switch, thereby testing the trip-coil 
circuit all the way from the battery-to the switch and all 
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the auxiliary connections except the relay contacts. 
Another device which has proved of great assistance in 
maintenance work on relays consists of a split plug 
inserted between the corrugated member of the relay 
multiplier bridge and the baseplate. The two leads are 
taken to a suitable supply via an ammeter. 

The tests which the author advocates are certainly 
desirable. For example, loose nuts have been found 
on current-transformer secondaries, wrong connections. 


of assessing the operating efficiency of protective gear, 
I suggest that some method ought to be devised which 
would leave out of account those failures of protective 
equipment to operate correctly which are directly due 
to circumstances not connected with the relay or the 
protective system itself, such as failure of the oil circuit- 
breaker to clear, or a defective auxiliary switch. 

I am sure there are as many ideas of what constitutes 
efficient maintegance of protective equipment as there 


etc., have been discovered, and such defects are by no 
means confined to the products of obscure firms. Rejays 
are as a rule ^^'ery inaccessible, the clearances are too 
small and the marking of the terminal relays is in general 
inadequate. 

Mr. W. H. Diack: In regard to a number of the 
problems dealt with iir the paper the power transmission 
engineer and the telephone engineer are on common 
ground. For instance, the author’s finding that rounded 
contacts are the most satisfactory is confirmed by our 
experience in the Post Office telephone service. 

We make a practice of connecting spark-quench cir¬ 
cuits across contacts breaking comparatively highlyi 
inductive circuits, and of mounting relay springs in the 
vertical plane to obviate dust deposits as far as possible. 
The Post Office standard relay uses twin contacts, i.e. two 
contacts mounted side by side on separate tongues on the 
same spidng. If only one contact is affected by dust the 
other contact makes the circuit, and it has been found 
that the act of operating the relay usually has the effect 
of cleaning the faulty contact. It has been computed 
that for every 10 faults likely to occur with single con¬ 
tacts not more than 1 is likely to occur with twin contacts. 

Other points in regard to which telephone-exchange 
experience agrees with the author’s conclusions are; 
(1) a steel tool used for cleaning contacts must be clean 
.and nearly smooth; and (2) in normal maintenance, as 
distinct from overhauls, the contacts should be left alone 
if no fault or serious wear is apparent. Experiments 
have been made with benzine and carbon tetrachloride 
for cleaning contacts. The carbon tetrachloride was 
found to be the better of the two, but in some cases faults 
appeared later which were attributed to the building-up 
of a deposit resulting from the carbon tetrachloride. 

I n.otice that some of the faults mentioned in the paper 
were due to condensation. There are telephone exchanges 
in country districts which consist of an enclosed relay 
group mounted on a telegraph pole and therefore subject 
to much variation of humidity conditions. Silica gel 
in a small perforated container is enclosed with the relays 
and acts successfully as a dehydrating agent. 

On page 486 the author makes the statement that 
inverse time-limit relays are checked and adjusted so that 
their actual characteristic curves are very close to a 
common standard for that type rather than the 
maker’s curve for the particular relay. I take it.that 
this does not refer to the plug and time settings 
tioned in the paper by Messrs. Gallop and Bousfield, bu 
to an alteration which affects the characteristic of the 
relay. Would not better results be obtaih’ed d the inaker 
produced the relay to a specification which included the 

«de.sired characteristic curve ? - i i 

Mr. M. Kaufmann: Concerning the author s method 

♦See page 113. 


are supply undertakings. The difficulties are not so 
much in framing data sheets and inspection report sheets 
as in filling them up and keeping them up to date. 

I am interested to know whether such a large testing 
equipment as that shown in Fig. 4, capable of supplying 
3 500 amp. to the primary circuits of current trans¬ 
formers, is really portable. Can it be lifted by men on to 
lorries and wheeled about, or is a block-and-tackle 


required ? 

One of the items mentioned in connection wdth the 
small testing set of Fig. 7 is the voltage of 0 • 1 or 0 • 2 volt 
for each tapping on the transformer secondary winding. 
It is stated that the equipment will give up to 15 amp. 
through the relay coil. If an average value of 5 VA be 
taken as the relay consumption, 1 volt will be required 
to give a current of 5 amp., and of course 3 volts to 
pass 15 amp.; so I am rather puzzled by the figures of 
0 * 1 or 0-2 volt. 

Another statement which I think is controversial is 
that the author would not have links in his protective 
circuit. I believe that test links or switches are^ most 
valuable in protective circuits, and that such circuits 
wall in the future tend more and more to include links. 

In comparing protective equipment with telephone and 
signal relays the author claims a higher perceirtage of 
correct operations for the latter; but there is less of what 
he calls auxiliary equipment in connection with such 
relays, and since in his analysis he includes failures of all 
auxiliary equipment the comparison is rather unfair. 

Mr. F. Leach : It would be interesting to know, 
whether with the system of fault-recording described in 
his paper Mr. Brookman found in the case of the Adelaide 
supply undertaking the same relative figures of perfor¬ 
mance as are set out in Table 1. I should have expected 
a generating station with a concentration of plant and 
skilled labour to have shown the highest performance. 

On page 488, 4 months is given as the period for 
routine inspection and tests; perhaps the author will say 
whether experiments have been made with more frequent 
electrical tests and less frequent mechanical inspections, 
as there is a strong feeling that a relay^ should not be 
interfered with, mechanically, unless it is suspected or 
proved to be faulty. With this in view has consideration 
been given to the installation in central stations of 
"routiners” bn the lines of those in automatic tele¬ 
phone exchanges ? Their use enables frequent electrical 
tests to be made of the relays, and probably results in 


proved performance. , 

[ should be glad if the author wouW give some mdica- 
m of his experience as to the relative merits of lunc- 
mal ” and " territorial ” sub-division of the work of 
s maintenance staff. Does he find^ it economica o 
.ve an officer, experienced in relay adjustment, to make 
atine tests and inspections of a number of substations. 
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Also, if a relay is found to be'faulty, is the procedure to 
adjust the relay on site, or to fit a reserve relay and bring 
the faulty piece of apparatus in to a central repair 
department ? 

Mr. A. B. Stevenson: I would support the author’s 
view that the E.R.A. basis of assessment of protective 
efficiency is misleading. His method is much more 
accurate, but it might be improved if one took as the 
denominator the product (number of i^aults) x (number 
of relays directly involved). 

The practice of altering the characteristics of overload 
relays to suit a standard curve (see page 486) is not to be 
recommended. It would be much better to buy only 
one standard type of relay. 

The terms " lever setting ” and " plunger setting ” 
are not used by British engineers, who prefer " time 
setting ” and “ current plug setting.” 

One major defect in the apparatus sho^vn in Fig. 4 is 
that the current is entirely dependent on the voltage; 
this is a serious disadvantage when testing directional 
relays. Another defect appears to be that when the 
switch is thrown over from the position shown the cycle 
counter is subjected to a voltage of almost 240 volts. 

On page 492, in his “Comments on Table 4,” the 
author states: “Vibration, set up by men working on 
switchboard panel, caused pallet switch in a directional 
relay to make contact.” I cannot see how vibration of 
a panel could cause inadvertent operation, unless at the 
same time fault conditions existed elsewhere. 

Mr. W. H. Lawes: I should like to mention that I have 
had dif&culty in ensuring functioning of latched multi¬ 
contact relays. The trouble was due to the use of a fixed 
steel pin with which the hooked catch engaged. A brass 
roller of about ^in. diameter on a phosphor-bronze 
pin of 0-048 in. diameter was substituted, resulting in 
definite tripping with a lower volt-ampere consumption 
and in stability under considerable vibration. The springs 
for the contacts should be of equal strength and not 
stubborn, otherwise the drum may not rotate sufficiently 
to close all the contacts when the number is large. 

It is surprising to find german-silver contacts advo¬ 
cated, because nickel alloys are not usually recommended 
for light contacts. Pure silver is preferable. Abrasives 
should not be used for cleaning, a very fine-cut file being 
preferable. Burnishing of the contacts should not be 
essential, because when the surfaces are roughened after 
operation the performance of the relay will deteriorate. 

Mechanically-tripped indicators, which operate reason¬ 
ably well when new, may cause errors when any rubbing 
surfaces become sticky, especially after long periods 
of inaction. It is also possible for the signal to 
operate before the contacts have closed. It would be 
interesting to have the author’s views on the reliability 
of the combined magnetic trip and contact hold-on coil 
on some relays. 

I note that the insulation test of the relay referred to 
m Fig. 2 is 1 000 volts. Is this the standard value? 
The Enghsh flash test is 2 000 volts, and this voltage 
discloses incipient troubles due to the use of fibre and 
other causes. 

Has the author any views as to the relative merits 
m horizontal and vertical discs in induction- relays? 
Horizontal discs show less pivot friction, but collect dust. 


How eflective does he find cover gaskets in preventing 
ingress of dust? Gaps up to in. have been found 
between an apparently well-fitting gasket and the cover. 

Has the author found that timing errors occur due 
to the “ coasting ” of induction relays, i.e. the overswing 
of the disc after a momentary excess current has dropped 
to zero ? This error is not dealt with in the British 
Standard Specification for relays. The old relays with 
fast-moving discs had very little coasting error, and it 
therefore seems that a high angular velocity is not the 
cau^se. Aluminium discs show to advantage in this 
connection. 

It is not possible to obtain proportionate timings at 
all loads on some types of induction relays. If a relay 
trips at 30 sec. and 3 sec. respectively at the maximum 
and minimum ends of the time scale, it may have times 
of 3 sec. and 0-45 sec. (not 0-3 sec.), at high currents. 
This may introduce errors due to " crossing ” of curves, 
even with relays of the same type. It would be interest¬ 
ing to know whether any difficulty has arisen from this 
cause. 

t Mr. H, B. Dreyfus: The author points out that 
the settings of the relays on his system are co-ordinated 
by calculations performed with the assistance of a locally 
made d.c. calculating table (Fig. 5, Plate 1). Is this 
calculating table a universal model, or has it been 
designed to represent the particular system ? Also, what 
accuracy has been found necessary for the resistors used 
to make up the table ? 

In his “ Comments on Table 3 ” the author men¬ 
tions as a minor defect that corrosion was found in the 
internal contiections of a relay. Did this corrosion 
occur on the d.c. connections ? Quite a lot of corrosion 
of d.c. chcuits was originally encountered on the relays 
and ancillary equipment with which I am associated. 
This trouble was almost completely overcome by fitting 
negative biasing equipment which makes the positive 
terminal of the 110-volt tripping battery about 35 volts 
negative to earth. 

With reference to the section dealing with “ Relay 
Faults,” I quite agree with the author about the in¬ 
accurate location of some time scales. The inaccuracy 
can be so great that discrimination is lost between relays 
in different sections of a system. The only way to check 
the position, after removing the scale, is to set the scale 
at zero, and see that the contacts close. This means 
that every time a scale has been removed in order to 
examine a relay, either the oil circuit-breaker has to be 
opened or the tripping has to be disconnected, before 
one can be sure that the time scale has been put back 
correctly. 

Commenting on “General Maintenance Work,” the 
author has found it necessary to rewind the trip coils 
of some breakers in order to reduce the tripping current 
and thus minimize the burning of relay contacts. Has he 
considered the use of tripping relays having substantial 
contacts, for making the oil circuit-breaker trip circuits 
and breaking the relay contact circuits ? 

Mr. F. Matb.er: With regard to relay maintenance, 

I have had no trouble on modern relays except in con¬ 
nection with flag indicators, and on the latest relays even 
this trouble has been eliminated. 

I endorse Mr. Mellonie’s remarks about switchgear, as 
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we also iia\-e nictalclad gear with bushing-type current 
transConiiLUS w'here the design makes it almost impossible 
to carr\' l uit primary injection tests. 

I am \-ery much in favour of the incorporation of test 


links in current-transformer secondary and pilot circuits; 
because otherwise, for testing purposes, one has to be 
constantly removing the connections from the relays— 
often a difficult operation. 


THE AUTHOR’S REPLY TO THE DISCUSSIONS 


Mr. J. R. Brookman. {in reply ): Mr. Lane, who kindly 
constMit i'd ti ) read this paper for me, brings out a number 
of useful points in his contribution to the discussion, in 
regard to making adequate provision in the design ,^of 
switchgear and relay panels to enable the maintenance 
stall to cariq' out their work with comfort and safety. 

I\Ir. I.ane, Mr. McLeod and Mr. Mather do not agree 
with me in banning test links from relay circuits, but I 
can state positively that, with our method of testing, we 
ha,ve t'.x;}r;‘rienced little inconvenience arising from their 
al)sence, and that if links were desirable in some more 
cornplicated protection systems, I would confine their use 
to sucli cas('s, and I would prefer to use the test switch as 
shown b\- Mr. Lane in Fig. B. 

1 agree with Mr. Lane in regard to the value of the 
simplified key diagram of relay wiring schemes as regards 
l)oth dt'sign. and construction, and also in connection with 
the sul)S(;‘queut maintenance. 

Mr. f.ane, Mr. Gibbons and Mr. Fraser have referred to 


during a fault should be taken into account, and Mr. 
Ryder assumes that such relays are included in Table 4. 
I have taken no account whatever of relays that remain 
stabilized, as to do so would merely obscure the situation. 
To include all the back-up relays, for instance, for each 
operation in Table 4, would merely swamp the sig¬ 
nificant figures. We have reached the stage where 
stability of relays under fault conditions is the normal 
experience, and a failure to discriminate according to plan 
should be treated as seriously as a failure to operate. 
False trips are Just as liable to cause loss of load as are 
failures to operate, and, by including them in this way, 
a satisfactory criterion of protective efficiency is obtained 
in one formula instead of two as proposed in E.R.A. 

• Report F/T94. 

Take, for instance, the figures for generator protection 
given in Table 2 of the E.R.A. Report, reproduced here 
as Table A. 

Table A 


the tyjie of men and the training required for the main¬ 
tenance irf a protective system, and with their remarks 
I am in general agreement. Owing to the rapid growth 
of tlu‘ .Adelaide Electric Supply Co.'s systein^ and the 
fact that construction, reconstruction and maintenance 
arc*, all carried out by the same staff, it is rather difficult 
to state just what staff is required for maintenance pur- 
|)oses oniy. The substation superintendent is responsible 
for the su]iervision of all this work, and he has an assis- 
tmit win.) lias specialized in protection. They are both 
universitv graduates in engineering, and there are several 
otlicr graduates or students on the staff. There are two 
foremen, one of whom carries out the installation and 
maintenance of the relays, batteries and wiring, while the 
other deals with circuit-breakers, transformers and sub¬ 
stations. Each foreman has several mechanics or fitters 
under liim who have been specially trained for this work. 
Switchgear and relays usually have to be imported from 
ove.rseas, and the installation work in connection with 
them has to be carried out by this department with bttle 
assistance from the manufacturers, thus necessitating a 
larger and more highly qualified staff than would perhaps 
1)0 justified in an. undertaking of similar size in Great 


''^'.Mr.^Lane, Mr. Wellings, Mr. Spence, Mr. Kaufin^ann 
and Mr. Stevenson refer to the formula which I have 
propoS(;:‘d as a criterion of protection efficiency. My pur¬ 
pose is to provide a method by which the chief engineer, 
for example, can judge the efficiency as a whole of the 
relays, wiring, switchgear and staff which have been pro¬ 
vided for clearing faults from the system. Obviously, 
such a formula should have in the numerator the number 
of protection operations correct according to plan, ihe 
donominator must include the total number of protection 
operations, both correct and incorrect, and also any 
failures to operate. Mr. Weilmgs considers pat the 
“ vast number of cases ” in which relays remain stabilized 


Number of times protective gear has operated .. 44 

Correct operations . . • ■ • ■ • • .. 27 

Incorrect operations .. • • • • • • ■ • U 

Failures to operate under fault conditions .. ... 4 

Actual faults .. .. • • ■ • • • .. 31 

The E.R.A. formulae would give;— 

Protective efficiency = (27/31) X 100 == 87-5 % 
Percentage inaccuracy = (17/31) X 100 = 65 % 

What is the use of claiming 87 • 5 % protective efficiency 
for systems in which 17 out of 48 trips are false ? The 
application of my formula would award such systems a 
protective efficiency of (27/48) X 100 = 56*5%, which 
puts them in their right class. Again, the application of 
the E.R.A. formulae to the figures given in the Report 
for busbar protegtion (Table 11) shows:— 

Protective efficiency — (74/74) X 100 = 100 % 
Percentage inaccuracy = (8/74) X 100 = U % 
Busbar protective systems in which 8 trips out of 74 are 
false should not be regarded as having a protective 
efficiency of 100 %. Applying my proposed formula, the 
protective efliciency would be (74/82) x 100 = 90 %, 
which gives a reasonable valuation of the performance of 
the busbar protection. 

Mr. Lane has misunderstood me as proposing that 
individual relay operations should be taken as the 
criterion of efficiency. That is the basis of Table 4, but 
in Table 6 I have taken as the basis the number of 
occasions on which relays have operated. If Mr. Lane 
will refer to the section “ Methods of Analysis he will 
see that this is the case. 

The inclusion of inadvertent tripping by the main¬ 
tenance staff as a cause of reduction of protective 
efficiency has also been criticized by several commen¬ 
tators, but I contend that the maintenance men are a 
part of the protective system. If they are unsuitable 
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men, or poorly trained, the errors they make shonld be 
shown. On the other hand, if relays are installed in 
unsuitable places or are badly designed from a main¬ 
tenance point of view or if the protective system is 
excessively complicated, the errors which the main¬ 
tenance men are bound to make under such conditions 
should be also shown. Mr. Welliirgs and others suggest 
that failures of switchgear to clear faults should not be 
included as deductions from protective efficiency. The 
. only failures of switchgear which I would not include are 
those due to inadequate rupturing capacity or breakdown 
of the major insulation, these being outside the scope 
of the subject we are considering. Faults in batteries, 
wiring contactors or trip coils, or in the auxiliary switches, 
latching and operating mechanism of oil circuit-breakers 
which cause failure to clear, shbuld be included if we are 
to have a satisfactory index of the performance of the 
protective equipment. 

I agree with Mr. Wellings, Mr. Sweetinburgh and Mr. 
Peters, who think that too much emphasis can be laid on 
relay performance, whereas the associated equipment is 
equally important and liable to many operating troubles. 
The auxiliary switches, for instance, of oil circuit- 
breakers produced by reputable makers are often of poor 
design, resulting in uncertain action and fouling of con¬ 
tacts by dust. In such important accessories, absence 
of backlash, provision for fine setting of contacts, wide 
range of adjustment, substantial contacts, accessibility 
for cleaning contacts, and enclosure against dust, are 
essential. 

Mr. Wellings discusses the 1938 figures in Table 6; 
if he will look again at the " Comments ” he will see that 
his remarks were wrongly based, as none of the operations 
is unexplained. 

The opening remarks in my paper, criticized by Mr. 
Wellings, referred'-to the relay performance disclosed in 
E.R.A. Report F/T94, and not to those in Table 5. 

With regard to Item k (i) in the " Comments on 
Table 6," the protection in this case was designed to,, 
operate on earth leakage only, with no provision for 
phase-to-phase protection. The breakdown occurred on 
isolating switches mounted indoors on a wall, and it is 
difficult to see how a fault could start,‘except as a fault 
to earth. The cause of the flashover has not been 
ascertained, and may have been a surge. Probably this 
operation would be better classed as “ doubtful ” rather 
than “ incorrect.” The other points raised by Mr. 
Wellings have been dealt with in reply to other speakers. 

Mr. Shipley, Mr. Golds and Mr. Lawes refer to dust 
trdubles with relay contacts. Particular care is taken to 
make relay cases dust-tight, and the frequent main¬ 
tenance schedule prevents trouble. In many cases, 
contacts are split or duplicated, both in relays and on 
auxiliary switches of oil circuit-breakers. The advantage 
of this practice is emphasized by Mr. Diack. 

Mr. Golds, Mr. McLean and Mr. Kaufmann raise the 
question of the wave form of our testing transformers. 
The wave shape of the large portable testing transformer 
is by no means perfect, but for many years we en-, 
countered no particular difficulty on this account, 
probably because the errors were of the same order and 
direction for all the induction-type relays. "When, 
however, a new test bench, having a pure sine wave, was 


installed, about the time this paper was being written, 
the difference in relay time due to wave shape became 
evident. Our present practice is to calibrate all relays 
with their associated current transformers on the test 
bench before installation, and settings are thereafter 
made according to their curves. The transformer is still 
used for field tests. The small transformer is Used only 
at pick-up values for contact maintenance and to detect 
friction. 

Mr. Lane and Mr. Forgan consider that relay tests 
oi>ce per annum are sufficient. This-is corroborated by a 
recent survey of relay maintenance practice,* although 
an almost equal number of undertakings reported in 
favour of maintenance twice per annum. On the other 
hand, Mr. Lane requires tests of relay wiring each month, 
whereas I would be satisfied with two or three times a 
year. An inspection of Table 3 shows 18 minor faults 
and 3 major faults detected in relay current-transformer 
and trip circuits in 4 years. Of the major faults, two were 
in trip coils and one in a relay resistor, so that none was 
in the wiring itself. I now suggest that a satisfactory 
maintenance schedule would be, at half-yearly intervals;— 

(1) Secondary injection test at slightly over pick-up 
current to close contacts and trip oil circuit-breaker. 

(2) Repeat with oil circuit-breaker open, using 3-volt 
battery test for contact condition as indicated in Fig. 7. 

(3) Test wiring for insulation and continuity. (These 
tests to be made at 6-monthly intervals.) 

(4) Once a year, after making Test (1), remove cover 
and thoroughly clean and inspect relay. Replace cover 
and make Test (2). 

Mr. Bolton suggests that the use of time-delay relays 
would permit some faults to clear themselves. My 
experience is that faults do not clear themselves, but this 
may be due to the size of the generating plant and the 
fact that the system neutrals are solidly earthed. Our 
aim is to remove faults from the system in the shortest 
possible time. 

Oil in circuit-breakers is tested annually for electric 
strength. Tests for acidity and sludge are made only 
when considered necessary. We have not made much 
use of the Wedmore protective scheme described by Mr. 
Bolton, but so far as it has been used it has been 
satisfactory. 

Mr. Forgan inquires about the mechanism of the cycle- 
counter: this instrument is supplied by one of the large 
American manufacturers and is in the nature of an 
electrically operated escapement. 

Mr. Fraser and Mr. Forgan refer to the use of fuse- 
shunted trip coils. These have proved eminently satis¬ 
factory. Cases of high contact resistance, causing the 
trip coil to operate incorrectly, have occurred only twice 
in the 4-year period reviewed, and the number of breakers 
so protected is well over 100. 

The shunt fuses are always of ample capacity, as they 
are used'only as short-circuit protection. Either silver or 
tin alloy fuses are used, mounted in glass tubes, fitted 
with substantial contacts. 

The primary injection tests referred to by Mr. Fraser 
are made by attaching leads to the conductors adjacent 
to the current transformers. In the case of metalclad 
* Transactions of the American I.E.E., 1939, 58, p. 206. 
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gear, the tests are made before the chambers are closed. 
With pilot-wire protection, power transformers are used 
to pass the necessary current at low voltage through the 
main cables, and various types of fault are simulated. 
These, of course, are installation tests. Subsequent tests 
are of a secondary injection type. 

Mr. McLean disagrees with the use of 1/14 S.W.G. cable 
on protective gear; we have found it quite satisfactory for 
panel wiring. Stranded wire is used for the re.st of the 
circuits. He also condemns the use of trip-circuit fuses. 
Without them, there is the risk of a discharged battery 
and burnt-out wiring. With them, there is the risk of 
bad contact in the trip-circuit fuse, or of the fuse being 
blown and not noticed, or of the fuse being inadvertently 
left out after testing. For the first of the latter, the 
remedy lies in the choice of a substantial fuse fitting. 
For the second, w^e have an alarm system which calls 
the control room when any current is drawn from a sub¬ 
station battery, as, for instance, by the tripping of an 
oil circuit-breaker. This alarm would function if a fault 
on a trip circuit caused one of the fuses to blow. For 
the third, a partial remedy is a well-trained staff. Under 
these circumstances, we have arrived at the conclusion 
that it is better to use trip-circuit fuses. Mr. McLean is 
apparently using much loarger time settings than we are 
prepared to employ. The great majority of our time- 
delay relays are set to operate in less than F| sec. under 
short-circuit conditions, and only in rare cases do we use 
2 sec. In any case, we find a great variety of uses for the 
cycle-counter for measuring times down to 2 or 3 cycles. 
It is electrically started and stopped, thus eliminating the 
personal factor. 

Mr. Quenzer emphasizes the importance of insulation 
tests. As .stated in the paper under the heading General 
Maintenance Work," these are made every 4 months. 
The results are shown in Table 3. We have had relatively 
little trouble with jewels and pivots. One make of 
directional relay was mentioned iix the paper as giving 
trouble in this I'espect (Make B, piage 491). 

The larger number of operations of reclose relays in 
1938 compared with 1937 is due to the greater number of 
breakers fitted with reclosing mechanism. The percen¬ 
tage of correct operations for these two years is not 
regarded as satisfactory, but in 1939 the figure improved 
to 95 %, and it is hoped that further progress will be 
made. The percentage correct, of course, refers to 
protection operations only. The percentage of successful 
reclosures is another matter and is usually about 60 %. 

Mr. Ryder asks for information regarding our contact 
troubles. Reference to Table 3 .shows 2 major and 12 
minor defects in 1935. The major defects are those in 
which the contacts failed to pass tripping current w'hen 
connected to their normal battery. The minor defects 
are mainly cases where they failed to pass current from 
a small low-voltage test battery. I believe that most of 
these cases were due to improper treatment of these 
contacts at the previous maintenance inspection. 

Mr. Ryder suggests further sub-division of the causes 
of incorrect operation. I agree that his proposed 
classifications would be informative, provided that the 
same meanings were attached to them by all the various 
people using them. I suggest that " design ” and 
" manufacture " refer to the relay as an instrument only 


and its ability to stand up to the manufacturers’ claims 
in respect of it, and to withstand normal usage. “ Main¬ 
tenance ’’ should, I think, include relay settings. Wrong 
settings may be due either to the miscalculation or to the 
mistake of the operator making the adjustment, but they 
are in the nature of routine. The classification “ faulty 
application ” is a difficulty. It often happens that a 
protection scheme is put in which has certain known 
defects. It may oyerlap the field of other relays, or it 
may have a “ blind spot ’’ and reliance is consequently 
placed on back-up protection. This is usually because 
a more pei'fect scheme of protection is either not tech¬ 
nically feasible or not economically justified. This should 
not be classed as wrong application, and as long as the 
relays operate according to plan the operations should be 
taken as correct. " Wrong application,” however, could 
apply to relays installed without a due appx'eciation of • 
the characteristics of either the relays or the current 
transformers themselves, or of the system which they 
protect. The former should be Imown from informatioir 
supplied by the manufacturer and from bench tests by the 
user, but the latter is a changeable quantity which 
occasionally presents us with unexpected situations in 
which the protection system fails to protect. The 
application of some relays which may have been correct 
when first installed may become incorrect on account of 
system developments. It would appear, therefore, that 
” wrong application ” calls for rather careful definition if 
general agreement is to be obtained. I would suggest the 
following sub-divisions:— 

(1) Relay faults. 

(а) Design. 

(б) Manufacture. 

(c) Application. 

(d) Maintenance. 

(2) Switchgear faults.’*' 

(a) Design. 

(&) Manufacture. 

(c) Maintenance. 

(3) Control wiring and battery faults. 

(а) Design. 

(б) Installation. 

(c) Maintenance. 

(4) tiunian element. 

(5) Other causes. 

(6) Cause not found. , 

The telephoire-type relays referred to by Mr. Peters 
are maintained with the same frequency as the other 
relays. No trouble has been experienced with them. 
The pilots used are multi-core telephone-type paper- 
imsulated cables with 20-lb. conductors. Mr. Diack 
mentions the practice of connecting spark-quench circuits 
across contacts of relays. This should not be necessary 
in protection relaying, as the circuits are not usually 
opened by the relay contacts but by an auxiliary switch 
on the device operated by the relay. 

Mr. Diack suggests that, if required, the relay manu¬ 
facturers would supply relays with characteristics to 
comply with our specification. It is more economical, 

* Excluding failure in rupturing capacity or major insulation. 
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however, to order standard relays, and make the simple 
adjustments necessary on the test bench, when making 
the acceptance test. 

Mr. Kaufmann inquires as to the portability of the 
large testing transformer. This transformer is readily 
lifted by two men. I am indebted to Mr. Kaufmann for 
pointing out a mistake in Fig. 7; this has been corrected 
for the Journal. 

Mr. Leach inquires about the performance of our 
generating-station protection relative to that of the rest 
of the system, suggesting that it should be better on 
account of the skilled staff available. In Adelaide, 
however, the power-station relays are maintained by the 
same staff as that which maintains the rest of the system 
I'elays. There have been few faults on generators at the 
power station, and the operation of feeder circuit- 
breakers at the power station has been included in the 
tables given in the paper. The ffequent use of 
“routiners,” as suggested by Mr. Leach, is hardly 
practicable with protective relays, owing to the inter¬ 
ference it would cause with the transmission system, 
although our 4-monthly inspection is now little more than 
an electrical test with very little mechanical interference 
with the relay. 

We have ^ found that “ functional ” rather than 
territorial sub-division of the relay and, switchgear 
maintenance staff is essential on account of the specialized 
and comparatively infrequent attention necessary at any 
given location. Faulty relays are adjusted in situ, 
provided the work can be done conveniently and 
satisfactorily. 

Mr. Stevenson does not approve of adjusting relays to 
a standard curve, and advises purchasing only one make 
of relay. This, however, does not answer, as the relays 
frequently differ from the makers’ own curve, and a new 
batch of relays will differ from the previous ones received. 

I note that Mr. Stevenson does not like our terms 
lever setting ” and “ plunger setting.” The latter refers 
to the setting of the plunger of a plunger-type relay. 
The former is in line with American practice, and the 
same applies to “ tap setting ” as against the British 
engineers’ " plug setting.” 

Mr. Stevenson points out that the current from the 
testing transformer varies wdth the applied voltage, and 
implies that this feature makes it unsuitable for testing 
directional relays. As tests are usually made at short- 
circuit values where the relay curves are rather flat such 
small variations are not noticeable and the transformer 
is quite satisfactory for field work. The voltage im¬ 
pressed on the cycle-counter is 120 volts in either position 
of the switch. The reference to the operation caused by 
vibration relates to a case in -which the time setting of 
the relay was so short that the trip contacts were 
separated by only a small gap, and vibration caused them 
to touch, thus completing the trip circuit, the directional 
contacts being already closed in consequence of pow’er 

flo-w. Apparently Mr. McLean has had a similar ex¬ 
perience. 

^ I am in agreement rvith Mr. Lawes’s comments o 
the advantage of rollers for relay latches of the type 
mentioned. We have fitted duplicate springs to ensure 
iiat the drum can be relied upon to function completely. 


With regard to the use of nickel-silver contacts, these 
are used for spring contacts with fairly heavy pressure 
as in drum-type relays, because it was found that, w'ith 
two silver contacts rubbing on one another under pres¬ 
sure, there tvas a tendency to drag the surface and 
roughen it. When one silver and one nickel-silver con¬ 
tact is used, this does not occur. As mentioned in the 
paper under the heading “ Relay Faults,” I am not in 
favour of flag indicators mechanically operated from the 
disc, but have had satisfaction from what Mr. Lawes 
describes as the magnetic trip and ho Id-on ” type. 
The voltage test mentioned in Fig. 2 is a test with a 

1 000-volt insulation tester. In the test room, the 

2 000-volt a.c. test is used. I have had no experience with 
rela3rs having vertical discs, but do not think the dust 
problem serious enough to outweigh the advantages of 
horizontal discs. With reasonable care and attention to 
the cover gaskets, dust is not a problem in ordinary 
situations. 

The “ overswing ” of relays, mentioned by Mr. Larves, 
is often underestimated. Recent tests which I had 
cairied out showed that back-up relays of the induction 
tjpe continued rotating after the fault was cut off, for as 
long as 0 • 5 sec. The correction to be applied to the time 
setting of the relay to compensate for overswing is some 
smaller amount varying from 0-18 sec. for short-circuits 
of about 5 tirn.es plug setting, and a short time setting, 
to 0-25 sec. with 14 times plug setting and an operating 
time of 1|- sec. or more. A relay of the same make, but 
with an aluminium instead of a copper disc, gave slightly 
lower values of 0-16 and 0-22 sec. 

The modem high-speed circuit-breakers mentioned by 
Mr. Stevenson require about 0 • 1 sec. to clear a fault, and 
with a relay having a light aluminium disc with an 
equivalent overswing time of 0-2 sec. and a safety 
margin of 0 • 1 sec. we can use a discrimination time of 
0 • 4 sec. between relays. Few systems, however, are 
fully equipped wdth such high-speed breakers, and 
operating times of 0 • 15 sec. are more common. With a 
copper-disc relay having an equivalent time of 0*25 sec. 
we then have a discriminating time of 0-5 sec., as 
commonly used. 

Replying to Mr. Dreyfus, the calculating table men¬ 
tioned is a universal type, and the resistors have an 
accuracy of |- %. Manganin wire is used to minii-nize 
temperature error. The difficulty with rela}^ time scales 
has been overcome in our case by using countersunk- 
head screw's, so that they are self-centring in the holes 
of the plate. The suggested use of an auxiliary relay is 
not regarded favourably. Rewinding of trip coils is 
inexpensive, but it should not be necessary. Swdtchgear 
manufacturers could well give their designs more 
consideration. 

In conclusion, I would refer again to the proposed 
formula for protection efficiency. I believe that con-- 
siderable benefits would result from the collection and 
periodical publication of returns from various under¬ 
takings, giving their protection efficienctr on this basis 
and thus directing attention to the subject and stimu- 
iMing interest in it, much as the publication of thermal 
efficiencies has done in the field of powder-station 
engineering. 
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SUMMARY 

After referring briefly to various metliotls *:>r nieasuring 
frequency, the paper describes in detail an instimnent 
designed to give a statistical record of the inaccuracy in t xo 

frequency of a,c. mains supply. _ -n , 

Records have been made, in the Dollis Mill Iveseaic i 
Laboratories of the G.P.O., of the mains-frequoncy error at 
various times during 1937-40, and statisticfcl analysis oi the 
results obtained in four test periods shows thnt^ the distiibu- 
tion follows very closely the normal-error law. 'I he standard 
deviation of the corresponding normal-error crnve has been 
calculated for each of the test periods. 

The purpose for which the recorder was di.'signcd was to 
test the practicability of using a.c. main.s snxiply to drive 
synchronous motors on teleprinters and mnlli-frequency 
generators used in the Post Office telegraph service; the test 
results are discussed from this standpoint. 


(1) INTRODUCTION 

With a view to facilitating the synchronization of 
machines and systems, and also in order to provide a 
better service to consumers, most electrical power supply 
authorities have installed frequency-controlling apparatus 
by which the supply frequency can be maintained very 
close to the declared figure. The methods of control 
employed vary somewhat in detail but all ai‘c based on 
the same genera! principles, which briefly are as follows. 

A high-grade clock is fitted with an additional seconds 
hand, operated from a synchronous motor connected to 
the supply which is to be controlled. Tlie gearing 
between the motor and the additional seconds liand is 
such that if the frequency is correct the hand makes one 
revolution in a minute, rotating at the .same speed as 
the normal seconds hand of the clock. If, liowever, the 
supply frequency is incorrect then one hand either gains 
or loses on the other and a cumulative phase error results. 
Either a manual control ma}^ be employed, in wliich case 
the power-station attendant observing the cloclv corrects 
the governors when the error has reached a given amount, 
or the correction may be applied autoniatictilly. 

By the use of this system the supply autlicrritic-s ensure 
that at least the average frequency is exactly the declared 
frequency, and variations from the declarc:d frequency 
have been very much reduced below what was jjossible 
previously by the use of simple frequency meters. The 
consumer can therefore use the mains as a low-grade 

* The:design of the recorder and much of the original woric diiscribed in this 
paper are due to Mr. G. R. Oman, who proposed also to prep.'irc a paper cin tiie 
subject to be read before the Bleter and Instrument Section. Unfortunately, 
in 1938 heTad to undergo an operation, from which he did not recover. The 
paper haiheen completed by Mr. F. O. Morrell, with whoiti Mr. Oman was 
associated at the Post Office Research Station, Dollis Hill. 

j- Post Office Engineering Department. 


frequency standard, and synchronous motors can be 
used for many purposes where constancy of speed is 
essential. 

Probably the best-known application of this charac¬ 
teristic of modNn power supply systems is the operation 
of synchronous clocks, and for this purpose the method 
of control is very satisfactory, as the difference between 
true time and synchronous time can be observed directly 
on the control clock and kept within very small limits. 
On the London supply network the average error, 
ignoring the question of sign, is believed to be between 
5 and 10 sec., and the maximum eiTor not more than 
20 sec. For most other synchronous drives, however, 
and for frequency-standard purposes, it is the maximum 
instantaneous fi-equency error which is of importance, 
and this is more difficult to assess as the control does not 
limit directly the instantaneous error. For example, if 
the load on a network is suddenly reduced owing to, say, 
the clearing of a faulty feeder which was carrying a large 
amount of power before the fault developed, the fre¬ 
quency will rise suddenly; but the rise will probably not 
be corrected until it has caused a certain time error in 
the control clock. Further, the “ severity ” of tlie. 
control is of importance; if a given time error is to be 
corrected rapidly a greater instantaneous frequency error 
will be necessary to make the correction than if it is 
made over a longer period. 

The Po-st Office Engineering Department contemplated 
the use of synchronous motors for a number pf drives, 
such as teleprinter motors, multi-frequency motor- 
generators, etc., where a high degree of accuracy of sp)eed 
is essential, and it was decided to take records of tlie 
frequency error on povrer supply networks to determine 
whether they would be satisfactoiy. The recorder 
described in this paper was developed for this purpose 
and it is thought that the instrument itself and, more 
particularly, the results obtained with it, will be of 
interest to other power users. 

(2) PRINCIPLES OP FREQUENCY-ERROR 
RECORDER DESIGN 

There are many ways in which frequency can be 
measured; the more common arrangements may be 
classified as .shown below. 

(a) By counting the number of cycles in a given time ,— 
This, the most obvious method, has a number of practical 
disadvantages. An accurate and reliable counting 
mechanism capable of operating at the mains frequency 
is required, and very accurate timing of the testing 
period is necessary. 
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(6) Balance or bridge methods. —These schemes depend 
on the variation of impedance, and in some cases phase 
angle, of reactive networks to currents of different fre¬ 
quencies. One of the best-known instruments of this 
type is the ordinary indicating frequency meter used in 
power stations. The pointer of this instrument takes 
^ position dependent on the ratio of currents flowing 
through an inductor and a condenser connected to the 
supply mains. A change in frequency causes a change 
in the current ratio, the impedance of the condenser being 
inversely proportional and that of the inductor directly 
proportional to frequency, and alters the position of the 
pointer. To increase the sensitivity of the instrument 
resonant circuits may be used instead of simple inductors 
and condensers. Other arrangements use a.c. bridge 
networks which are balanced at one frequency only. 
This type of instrument is affected by wave form and 
temperature; and while the resulting ‘errors can be 
reduced to neghgible proportions in commercial instru¬ 
ments, these factors would probably lead to difficulties 
wdth the order of accuracy required of the present 
recorder. 

An improved frequency meter of this type consists of 
two networks, one resonant at a frequency above the 
mean of the instrument, the other resonant at a frequency 
below the mean; these networks, carrying current from 
the mains, produce opposing torques on two cam-shaped 
aluminium discs mounted with the pointer on a common 
axle. The system moves to a position where the opposing 
torques are equal. An almost uniform scale can be 
achieved by suitably shaping the discs, and the accuracy 
of the instrument is stated to be practically independent 
of voltage, wave form, and temperature. 

(c) Reed-iype instruments. —These comprise a number 
of tuned reeds, having different natural resonance fre¬ 
quencies, situated in the fleld of an electromagnet con¬ 
nected to the supply. The reed whose natural frequency 
is the same as that of the supply vibrates, the. vibration 
being shown by the movement of a small flag attached to 
the end of the reed. Frequency meters of this type are 
to be found in the older power stations. They suffer to 
some extent fi-om temperature errors though not from 
voltage variations or wave-form distortion. 

{d) Comparison with a standard frequency. —In this 
method, currents of the frequency to be measured and a 
standard frequency are passed through a rectifying device, 
and beats at the difference frequency are counted over 
a known period of time. This method is used' exten¬ 
sively in telephone and radio technique. It is simple and 
accurate if a reliable standard frequency is available. 

In the choice of the type of meter to be used for the 
investigation in hand, consideration was naturally given 
to the form in which the results would be the most useful. 
As will be described in greater detail in Section (4), the 
main purpose was to test the practicability of using a.c. 
power mains to drive synchronous motors on teleprinters • 
and multi-frequency generators; hence the maximum 
frequency error was of the greatest importance, and a 
figure of 0-76 % has been fixed for the former machines 
by the C.C.I.T. (Comitd Consultatif International Tele- 
graphique)., It is not to be expected, however, that the 
mains error would never exceed this figure, and it was 
necessary to discover for what fraction of the total time 


the permissible maximum error is likely to be exceeded. 
Hence the results are required in statistical form. 

Most commercial recorders give a chart record, which 
is not very suitable for the present instrument, as the 
analysis of a large number of charts would be an ex¬ 
tremely tedious matter and there is no real necessity to 
know the time when any particular error occurred or 
whether the error was positive or negative. Mainly for 
this reason the method described under [d) was chosen. 
Other reasons and advantages were as follows: 

{ij As only small variations from the correct value of 
frequency were to be measured, the method of com¬ 
parison with a standard frequency was particularly 
suitable. 

(ii) A high-grade standard frequency was conveniently 
available in the DolUs Hill laboratories in the form of a 
1 OOO-c./s. valve-maintained tuning fork kept at constant 
temperature and pressure, and used by the Post Office 
for measuring the frequency of radio transmitters. The 
accuracy of the fork frequency was known to be better 
than one part in 10’, and for the work in hand it could 

.be regarded as an absolute standard. 

(iii) A sufficiently high degree of accuracy could easily 
be obtained without very accurate or expensive com¬ 
ponents in the recorder itself. Wave-form distortion, 
voltage variations and temperature changes would not 
affect the accuracy of the instrument. 

(iv) In the design and construction of the recorder, 
standard telephone components and technique with 
which the authors were familiar could be used. 

The main disadvantage of Method [d) is that it is 
necessary to have a 1 000-cycle supply available wherever 
it is required to use the recorder. This can nearly 
always be arranged by using the P.O. telephone network, 
or, when this is not possible, a portable 1 OOO-c./s. 
valve-maintained fork of sufficient accuracy is available. 

As the method necessitates the counting of a number 
of beats it is not possible to make precisely instantaneous 
readings. It was found that a convenient number of 
beats could be obtained in a period of 5 or 10 sec., and 
while slight changes of frequency can be noticed during 
the counting period they are not large enough to affect 
seriously the accuracy of the instrument. The maximum 
errors recorded are thought to be very little below the 
maximum instantaneous errors, an assumption which is 
reasonable since it is unlikely that sudden changes in 
frequency can occur in the large masses rotating syn¬ 
chronously in modern power networks. 

(3) DESIGN OF RECORDER 

A suitable beat frequency could be obtained by 
heterodyning the standard-frequency supply with the 
20th harmonic of the 50-cycle mains supply. With this 
arrangement an error of 0 • 5 %, the maximum anticipated 
when the recorder was designed, gives 6 beats per sec., 
and 60 beats could conveniently be counted on a 60- 
point automatic-telephone type uniselector. The count¬ 
ing period was originally fixed at 10 sec., but later, when 
errors of more than 0 • 6 % were being obtained fre¬ 
quently, it was reduced to 6 sec. The accuracy Of the 
instrument is therefore within 0-01 c./s. or 0-02 c./s. 
respectively, if it is assumed that the duration-|)f the 
counting period is correct. 
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A schematic diagram of the recorder is shown in Fig. 1. 
The mains supply cun-ent is passed through a wave-form 
distorting network, and, with the standard 1 000-cycle 
supply, is then passed through a narrow-band filter with 
a mid-band frequency of 1 000 c./s. The two selected 
frequencies, the standard 1 000 c./s. and the 20th har¬ 
monic of the mains frequency, are fed into an anode-bend 
rectifier, and an impulse relay in the anode circuit 
operates at the difference or beat frequency. The con¬ 
tacts of this relay operate a telephone-type uniselector, 
the wipers of which are stepped on once per bea^. 
Additional relay contacts operated by a timing device 
are arranged to connect the uniselector to tjie impulse 
relay for a given period, to disconnect it, make the 
necessary record and make the selector home auto¬ 
matically under self drive. The bank contacts of the 
uniselector are paralleled into groups of five, and con- 


Appendix. The following points in the design are of 
interest. 

(a) The wave-form distorting network consists of a 
bridge-connected copper-oxide rectifier. 

(&) The narrow-band filter is required to suppress 
frequencies of 960 c./s. and below and 1 050 c./s. and 
above, and at the same time to have a fairly constant 
attenuation at frequencies between 990 and 1 010 c./s. 

(c) The valve Vg i§ included in the standard 1 000-cycle 
supply circuit to act as a buffer and to give, a constant 
output level. It was anticipated that the level of the 
standard supply would vary from time to time as it 
would, possibly, have to be transmitted over long trunk 
circuits, and it is essential that such variations should not 
affect the operation of the recorder. A reasonably con¬ 
stant output is obtained by the well-known method of 
connecting a resistor in the grid circuit, and using a high- 
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nected to the electromagnets of ten subscriber’s-type 
meters. A subscriber’s meter is essentially an electro¬ 
magnet with an armature linked up with a " Veeder ” 
counter, so that every time the armature is operated the 
counter is stepped on one digit. 

Wiien the timing relay cuts off the uniselector at the 
end of a counting period an impulse is transmitted to 
the wipers and operates the meter connected to the bank 
contact on which the wipers have come to rest. As five 
of the uniselector contacts are connected to one meter, 
each one of the latter covers a small range of frequency 
error. Thus all errors less than 0 • 06 % are recorded on 
meter No. 1, all errors between 0‘06 % and 0* 10 % on 
meter No. 2, and so on; the tenth meter covering errors 
between 0'45 % and 0-50 %. When the measurement 
has been recorded the selector wipers are automatically 
reset, and the whole cycle is repeated every 15 sec. By 
reading the meters at the beginning and end of a test 
the number of times each error has occurred can be 
determined. 

A com;^ete circuit diagram of the recorder is shown in 
Fig. 2, and a full description of the circuit is given in the 
VoL. 87. 


ratio input transformer to ensure overloading of the valve 
with the minimum input likely to be obtained. This 
also results in the production of a large number of 
harmonics, which, however, are cut out by the selective 
network. 

If the 1 000-cycle supply should fail, the anode current 
in the rectifier valve wopld take up a mean value, and 
slight variations in this might cause the impulsing relay 
to operate and release quite independently of the rnainh 
frequency. This would result in a 1 a,rge number of false 
readings. Valve Vg is therefore normally biased to pass 
a negligible anode current, and relay D is included in the 
anode circuit. Hence, when the supply fails, the anode 
current of Vg falls, the relay releases and the contact 
breaks the counting circuit. 

(d) As the anode current of valve Vg is a large pro¬ 
portion of the total anode current it is necessary for the 
anode supply unit to have good regulation. With this 
end in view a bridge-connected rectifier is used and the 
smoothing condensers are connected only on the load 
side of the smoothing choke, 

(e) A 50-contact uniselector is used, with the contacts 

33 
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wired in groups of five to the meters. This was done 
because it gave a reasonable number of meters and a 
reasonable counting period, and also because it was not 
possible to count more accurately than to one beat. For 
example, if the timing contact opened immediately before 
the closing of the impulsing contact nothing would be 
recorded, but if it opened immediately after the closing 
of the impulsing contact one beat would be recorded. 
It was necessary, therefore, to have each meter connected 
to a number of contacts so that an error of one contact 
would not have serious effect on the results. 

(/) I'f an error greater than 0 • 6 % occurred the uni¬ 
selector would normally step beyond the 60th contact 



and a low value of error would be recorded. It was 
preferable for such an error to be recorded as 0 - 5 %, and 
to this end the 49th and 60th contacts are connected via 
a resistor to the anode of Vg. When the wipers step on 
to these contacts a steady current flows through relay C 
and further stepping of the uniselector is prevented. 

{g) The timing of the counting period is controlled by 
a self-starting synchronous-clock motor which is geared 
to a shaft making one revolution in 15 sec., and the shaft 
is fitted with a cam arranged to give a counting period of 
IQ. sec. and a reset period of 5 sec. In later tests made in 
1939, when the errors frequently exceeded the range of 
the instrument, the counting period was reduced to 
5 sec. The motor is driven from the supply under test, 
and errors in the supply frequency cause errors of the 


same order in the counting period. The effect of this 
on the accuracy of the instrument can be ignored, 
however. 

(h) Although the time at which any particular error 
occurred was not of primary importance, for the sake of 
interest a chart record also was kept. The recorder 
comprises ten pens, situated in fine across the paper 
and controlled by separate electromagnets. Each of the 
electromagnets is connected in parallel with one of the 
meters, and a mark, corresponding to the particular 
meter, is made on the paper whenever a meter is operated. 

(4) RESULTS OF TESTS 

The r-ecorder has been used for the most part at Dollis 
Hill, in the Research Laboratories of the Post Office, and 
has therefore been connected to the South East England 
section of the grid. For a few days during Jamiary, 

Table 1 


Readings of recorder from 16th April to 20th May, 
1937;. Monday to Friday 8.0 a.m. to 5.0 p.m., 
Saturday 8.0 a.m. to 12.30 p.m. 


Meter No. 

Percentage error 

Meter 

operations 

Percentage 
of total 
operations 

Accumulative 

percentages 

1 

Under 0 • 05 

11 352 

26-63 

26-63 

2 

0-05-0-10 

13 717 

32-20 

68-83 

3 

0-10-0-15 

9 885 

23-17 

82-00 

4 

0* 15-0-20 

5 070 

11-88 

93-88 

5 

0-20-0-25 

1 964 

4-62 

98-50 

6 

0-25-0-30 

373 

0-87 

99-37 

7 

0-30-0-35 

219 

0-517 

99-887 

8 

0-35-0-40 

37 

0-0S7 

99-974 

9 

0-40-0-45 

9 

0-021 

99-995 

10 

Over 0 ■ 45 

2 

0-005 

100-000 
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1939, supply from the South Wales section was trans¬ 
mitted from Cardiff to Dollis Hill over a Cardifi-London 
voice-frequency telegraph link. The supply was then 
extended to the recorder over a normal land-line. During 
these tests it was found that the frequency of the Cardiff 
supply was always precisely the same as that of the 
supply in London, showing that the two sections of the 
grid were running in parallel. It transpired that from 
December, 1938, most of the grid system had been 
running as a single unit; hence further tests outside 
London were unnecessary. 

There were four principal testing periods, as follows: 

Period No. 1.—From 16th April to 20th May, 1937. 
Records were taken only during the working day, i.e. 
8.0 a.m. to 6.0 p.m., Monday to Friday; 8.0 a.m. to 
12.30 p.m., Saturday. 

Period No. 2 .—From 18th March to 14th April, 1938. 
Continuous records, 24 hours per day, were ta^en during 
this period. Separate records were kept of the readings 
obtained during the day, night, and week-ends. 
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Period No. 3.—From 12tli to 20th January, 1939. 
During this period nearlj^ all sections of the grid sj^stera 
were running in parallel. 

Period No. 4.—January to February, 1940. 

The results for period No. 1 are given in Table 1, 
■which shows the number of operations recorded on each 
meter and the percentage of the total recorded on each 
meter. 

In Fig. 3 the readings are given on a step diagi'am, which 
shows, for example, that 26 • 03 % of the readings were 



Fig. 3.—Distribution of frequency error: day tests, 15th April 
, to 20th May, 1937. 


particular value of error will not be experienced. Any 
value of error can occur, particularly under abnormal 
conditions; for example, a complete shutdown can be 
regarded as an error of 100 %, and any value between 
this and zero can occur when there are sudden changes 
of load caused by fault conditions. The most useful way 
to define the error, therefore, is to quote the proportion 
of time for which a given error is exceeded or not 
exceeded. 

(ii) For a large number of applications the frequenc^^ 



Fig. 4 a.—D istribution of frequency error: continuous tests, 
IStli March to 14th April, 1938. 


recorded on the first meter, indicating an error of less 
than 0- 05 %, 68-83 % of the readings were recorded on 
the first two meters, indicating an error of less than 
0-10 %, and so on. It was found as a result of statistical 
analysis that the figures followed closely a normal-error 
curve of distribution, it being assumed that the average 
frequency is exactly 50 cycles per sec., and positive and 
negative errors are equal. The standard deviation of the 
normal-error curve, i.e. the r.m.s. value of the error, was 
computed to be 0-114 %, and the curve is shown in the 
same diagram. 

It is considered that the statistical method of pre¬ 
senting the results is the, most satisfactory, for the 
following reasons. 

(i) Oif account of the method of control and the 
nature of the problem it is not possible to state that any 


of large errors which occur comparatively infrequently is 
of importance. The number of readings of such errors 
which is obtained in a test lasting even 1 month is small, 
and it is probable that the value calculated from a 
normal-error curve, fitting the whole of the results, will 
be the more accurate. 

(iii) The standard deviation of the normal-error curve 
is a precise figure from which the results of any test can 
be gauged, and different tests and supply systems 
compared. 

The step diagrams, the probable normal-error distri¬ 
bution curves and the standard deviations are given for 
the first three periods in Figs. 3 to 6. j:'he normal-error 
curves are in two parts, the ordinates of the second part, 
B, being drawn to an enlarged scale to show more clearly 
the probable frequency of occurrence of large errors. 
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Figs. 4a, 4b, 4c and 4d cover the second period: Fig. 4a 
gives the results obtained in tests occupying 24 hours per 
day; Fig. 4b, the results obtained during the working 
da^^s, i.e. 8.0 a.m. to 6.0 p.m., Monday to Friday, and 
8.0 a.m. to 12.30 p.m. Saturday; Fig. 4c, night readings, 
6.0 p.m. to 8,0 a.m., Monday to Friday; and Fig. 4d, 
week-end readings, 12.30 p.m. Saturday to 8.0 a..m. 
Monday. As is to be expected, the greatest errors occur 
during the day when there is maximum change of load, 
the smallest during the night, and'the week-end and 



continuous readings are intermediate between the other 
two sets. 

;Figs. 3 and 4b, both referring to day readings, are 
directly comparable and show standard deviations of 
0-114 % and 0-116 % respectively. This result is par¬ 
ticularly interesting when it is remembered that the tests 
were separated by an interval of nearly 1 year. It is 
believed that the conditions on the supply system were 
not altered appreciably between the tests, i.e. throughout 
both periods the South East England section of the grid 
was not connected to any other section. 

It will' be noticed that departures of the readings from 
the normal-error curve are much greater for both these 
periods than for the other periods, and in each case the 
percentage readings of small errors lie below the curve 
and percentage readings of large errors lie above the 


curve. The reason for this is not quite clear, though the 
wider variations of load and frequency experienced 
during the daytime may be a partial explanation. 

Figs, 4a and 5 are also comparable cases, both re¬ 
ferring to continuous tests. The standard deviations 
are 0-106 % and 0-175 % respectively, showing a very 
large increase, which is, in all probability, due to the fact 
that when the latter result was obtained, practically the 
whole of the grid system was running as a single unit. 
It will be noticed also that the agreement between the 





readings and the normal-error curve is extremely good 
even though the testing period was only 9 days. 

It would appear that on account of the inertia of a 
large power system minor changes of load would not have 
an appreciable effect on frequency; nevertheless, at 
times when the load on all parts of the system is increasing 
or decreasing, as, for example, in the morning or evening, 
considerably wider variations of .frequency are to be 
expected. It is believed that the frequency is controlled 
by one controlling station situated in, London, and the 
following propedure is adopted when a change in fre¬ 
quency is required. 

The load to be supplied by the various sections of the 
system at any particular time can be anticipated fairly 
closely, arid the section controlling stations are therefore 
instructed to supply load in accordance with the antici- 
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pated demands. When the load over the whole system 
is gradually increasing the effect is merely a reduction 
in frequency, without a substantial change in the pro¬ 
portions of the total load supplied by each section. The 
frequency-controlling station must therefore initiate the 
frequency-change by increasing the speed of the 
generators in the local area, and in consequence the 
speed of all generators on the system, thereby taking a 
greater proportion of the total load. The neighbouring 
sections therefore readjust their machines to supply loads 



Fig. 4 d.—D istribution of frequency error: week-end tests, 
IBtli March to 14th April, 1938, 

in accordance with their instructions, and eventually all 
machines on. the system have been readjusted to take 
the required loads at the increased speed. 

The whole process naturally takes some considerable 
time.to perform, and with a rapidly changing total load 
■on the system considerable skill is required to estimate 
accurately the magnitude of the change of output from 
the local generators required to bring about the final 
frequency-change. It would appear that the probable 
■change of load whilst the frequency-change is taking 
place would need to be known very accurately, and that 
it would be easy to over-estimate the amount of correc¬ 
tion required, in which case the mains frequency would 
swing to the other side of the nominal value. 

It seems likely, therefore, that both the extent of the 
.■system and ■ the rate of change of load influence the 


magnitude of frequency variations, and this is confirmed 
by meter and chart records. 

The standard deviation of frequency errors in January 
and February, 1940, was 0-23%, and tests made in 
March and April show a gradual improvement to 0* 19 % 
obtained at the end of the latter month. All of these 
were continuous tests. 

(5) APPLICATION OF TEST RESULTS 
For period No. 3 the results have been rearranged in 
Table 2 to show the percentage of readings which are 
greater than given values of error. 

As an example of the use of this information, the case 



Error 


Fig. 5 .—Distribution of frequency error; continuous tests, 
12th to 20th January, 1939. 

of the teleprinter driving motor can be considered. 
Teleprinters are machine telegraph instruments operatjjng 
on the start-stop system, that is to say the receiving 
mechanism is started by means of a clutch, on the receipt 
of a start signal, at the commencement of each character 
and stopped at the end of it, the driving motor running 
continuously the whole time. Cumulative speed errors 
extending over, more than one letter are thus avoided, 
but for satisfactory operation it is essential that the 
speed of the machine shall be reasonably accurate. A 
speed-tolerance figure of -d: 0‘76 % has been laid down 
by the C.C.I.T, for these machines and, up to the present, 
this has been achieved by means of d.c. motors controlled 
by an electrical governor operating in the motor field or 
armature chcuits. Dry metal rectifiers have to be iised 
when the supph'- is alternating current. It will be seen 
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from Table 2 and the corresponding normal-error curve 
that the chance of the frequency error exceeding 0-75 % 
on a 24-hours-per-day measurement is exceedingly small. 
Reference to appropriate probability tables gives a value 
of only 0-00184 %, i.e. less than 0-2 minute per week, 
which is negligible. For 99 % of the time the error will 
not exceed 0-45 %. A synchronous-motor drive should 
therefore be quite satisfactory; in fact, it would probably 
be better than the d.c. governed mot6r. 

There are, naturally, other considerations affecting the 
adoption of synchronous motors, notably the necessit 3 i- 
of providing emergency supplies in large and important 
centres; but in more normal times it would undoubtedly 
result in considerable economies. 

A second example is that of a multi-frequency motor- 
generator used on voice-frequency multi-channel tele¬ 
graph systems. The generator used aj; present in the 
Post Office telegraph service consists of a d.c. motor 
driving 18 small inductor-type alternators mounted on 

Table 2 


Time for which a Given Error is Exceeded 


Error 

greater 

than 

Readings 

Normal-error curve 

Percentage 

Minutes 
per week 

Percentage 

Minutes 
per week 

0-09 % 

58-6 

5 910 

61-02 

6 150 

0-18 % 

28-3 

2 860 

30-30 

3 060 

0-27 % 

11-5 

1 160 

12-36 

1 246 

0-36 % 

4-21 

425 

3-94 

398 

0-45 % 

1-18 

119 

1-018 

103 

0-54 % 

0-119 

12-0 

0-208 

21-0 

0-63 % 

0-002 

0-2 

0-0318 

3-21 

0-72 % 

— 

— 

0-00396 

0-400 


the same shaft. The alternators produce alternating 
currents of 18 different frequencies ranging from 420 c./s. 
to 2 460 c./s. in steps of 120 c./s., each frequency being 
the carrier for one telegraph channel. It is necessary 
to maintain the carrier frequencies within 0*25 % of the 
* nominal values, and in consequence the same accuracy 
is required in the speed of the driving motors. Direct- 
current motors, with contact governors in the field 
circuit, are used at present, but considerable maintenance 
ia required to maintain the required speed accuracy on 
what is, otherwise, a simple and reliable machine; and 
it would be a great advantage if such machines could be 
driven from the mains. Reference to the curve shows 
that the permissible limit of 0*25% is exceeded for 
more than 15 % of the time; hence the use of the mains 
for this purpose is not really practicable. 
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APPENDIX 

A circuit diagram of the recorder is given in Fig. 2. 
It consists of a valve amplifier-rectifier producing the 
beats, a uniselector relay to count the beats, and a power 
supply unit. The diagram shows the relays and uni¬ 
selector operated from a 50-volt d.c. supply, which is 
usually available in telephone exchanges, but a suitable 
a^. unit is also available. 

The output from a winding on the mains transformer 
is passed through the bridge-connected copper-oxide 
rectifier, the wave-form distorting device, and via the 
600-ohm resistor and 2-jaF condenser to the transformer 
Tj^. The standard 1 000-cycle supply is fed to the 
primary winding of transformer Tg, the secondary wind¬ 
ing of which is connected to the grid of the valve Vg. 
Transformer Tg is connected in the anode circuit of Vg 

Table 3 


Frequency Errors Recorded on Meters 


Meter No. 

Percentage error 

Counting period 10 sec. 

Counting period 5 sec. 

1 

<0-06 

<0-10 

2 

0-05-0-10 

0-10-0-20 

3 

0-10-0-15 

0-20-0-30 

4 

0-15-0-20 

0-30-0-40 

6 

0-20-0-25 

0-40-0-60 

6 

0-25-0-30 

0-50-0-60 

7 

0-30-0-35 

0-60-0-70 

8 

0*36-0-40 

0-70-0-80 

9 

0-40-0-45 

0-80-0-90 

10 

>0-45 

>0-90 


and shunted by a 10 000-ohm variable resistor as a volume 
control. The secondary windings of Tj^ and Tg are con¬ 
nected in series, and the combined outputs are fed via 
the selective network to the amplifying valve Vj, which 
is foEowed by an anode-bend rectifier Vg. 

The timing of the counting period is controlled by a 
self-starting synchronous motor operated from the supply 
under test. The motor is geared to drive a shaft at a 
speed of 1 revolution in 15 sec., the shaft being fitted 
with a cam which closes a pair of contacts for the counting 
period (10 or 5 sec.) and opens them for the remainder 
of the 15 sec. (5 or 10 sec.). 

When these contacts close, the relay A/2 is operated 
via the contacts (which are normaEy closed) and con¬ 
nects the drive magnet of the uniselector to the contacts 
Cj of the relay C/1, via the contacts Ag. At the same 
time the contacts Aj close and operate the relay B/2. At 
the end of the counting period, relay A/2 is released and 
the uniselector drive circuit is broken at Ag, which also 
prepares a homing circuit for the uniselector, and an 
earth is connected by the contacts A^^, via Bg closed, to 
the wiper No. 3 and operates the subscriber's meter 
connected to the bank contact on which the wiper has 
come to rest. The relay B/2, which is a slow-to-release 
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relay, then releases (its energizing circuit was broken 
when relay A released); the meter-operating circuit 
is broken at Bgi the relay homing circuit is completed 
at via the interrupter springs and the homing 
arc, and the uniselector automatically returns to the 
first contact. At the end of a 5-sec. rest period the 
relay A/2 is re-operated and the cycle repeated. 

From this description it will be seen that the uniselector 
counts for a period of 10 or 5 sec. Since the test fre¬ 
quency is 1 000 c./s. there are 10 000 cycles in 10 sec., 
and an error of one beat in this period is 1 part in 10 000, 
i.e. 0- 01 %. The uniselector has 50 contacts, and these 
are wired in groups of 6-10 subscribers’-type meters. 
The meters therefore record errors as shown in Table 3. 

If the error was greater than the maximum range of 
the instrument the uniselector would normally stop 
be^^ond the 50th contact, and a reading of a low value 
w'^ould be recorded. As it is preferable that such an 
^The readin: 


error be recorded as the maximum and not as a lower 
value, contacts Nos. 49 and 50 on Bank 2 of the uni¬ 
selector are wired via a 10 000-ohm resistor to the anode 
of the valve Vg. When the uniselector steps on to these 
contacts, therefore, a steady current flows through relay 
C/1 via this resistor to earth, and further stepping of the 
uniselector is prevented. 

The relay D and contact are included in the circuit 
to cut off the counter mechanism when the standard 
1 000-cycle supply fails. The valve Vg is operated with 
a grid bias which, in the absence of the supply, reduces 
the anode current almost to zero. This releases D/1 and 
opens the contact Dj, which removes the earth from the 
counting circuit. 

The valve anode-supply rectifier is fed from the 180- 
volt winding on the mains transformer. A bridge-con¬ 
nected copper-oxide rectifier is used, and smoothing is pro¬ 
vided by a choke and a 30-jU.F electrolytic condenser. 


of the paper was followed by a demonstration by Mr. L. Essen of the 
principles of the Quartz-Crystal Clock.] 


DISCUSSION BEFORE THE METER AND INSTRUMENT SECTION, 1st MARCH, 1940, 
ON THE ABOVE PAPER BY MESSRS. MORRELL AND OMAN, AND COMMENTS ON 
THE DEMONSTRATION BY MR. ESSEN 


Dr. W. G. Radley: I have been told that the sugges¬ 
tion that the w'ork which has been described should be 
put on record by means of a paper read before The 
Institution was originally Mr. Oman’s and that, when he 
was taken into hospital, he took with him the material 
to enable him, in the anticipated days of his convales¬ 
cence, to work on the preparation of the first draft of the 
paper. It is a fitting tribute to his memory that the 
work which he started should have been rounded off and 
described by the officer in charge of his research group. 

The paper throws open the door to discussion of two 
questions of rather wider interest than is suggested by 
its title; firstly, the value of statistical methods in 
engineering; and secondly, the importance of frequency 
control of a.c. supplies. 

A recent paper by Mes.srs. Dudding and Jennett* dis¬ 
cussed the application of statistical control of quality to 
the manufacturing industry. In the Post Office, we are 
used to the idea of controlling quality of service by 
means of sample tests. One of our principal problems 
is that of balancing the desire to give a no-delay service 
against the uneconomic provision of plant which will 
be but rarely used; we recognize that failures must occur 
occasionally, but set a limit to the frequency of their 
occurrence. A somewhat similar problem faced the 
authors of this paper. They realized that occasionally 
a.c. supplies would vary to such an extent that tele¬ 
printers driven thereby would fail; the problem, there¬ 
fore, was to determine the frequency with which failure 
would occur. The statistical method gives this infor¬ 
mation with accuracy from a minimum number of 
observations. As a preliminary, we have to determine 
when the data that we are accumulating are represen-- 
tative of the conditions. (The technique in use at the 
Post Office Research Station for discovering when one 
has taken enough measurements is described in a contri¬ 
bution to the discussion on Messrs. Dudding and Jennett’s 

* Journal T.E.E., 1940, 87, p. 1. 


paper, already referred to.) We have then to fit those 
data to some form of distribution curve. Mr. Morrell 
suggests that in the present case the readings of frequency 
fall on the normal-error curve but that there are slight 
discrepancies in the fit, especially so far as the readings 
taken during the daytime (Figs. 3 and 4b) are concerned. 
Is it not likely that the true explanation is that these 
readings do not fall on one normal-error curve but on 
two, one with a peak slightly below and the other with 
a peak slightly above 60 c./s. ? An explanation which 
suggests itself to me is that when the mains-driven 
clock in the controlling station is fast one aims at a 
frequency slightly below 60 c./s. so as to overtake the 
error, and conversely when the clock is slow. 

With regard to the importance of accuracy of fre¬ 
quency, with the existing system teleprinters can be 
driven by a.c. motors if the frequency is stable within 
i 0 • 76 %; but if all teleprinters were driven from the 
a.c. supply and the supplies at the transmitting and 
receiving ends were synchronized we could work with 
much greater errors than that. In practice, however, 
the majority of teleprinters are driven by d.c. motors. 

The figures given in the paper indicate that since 
supplies have been synchronized with many, if not all, 
sections of the grid system running in parallel, frequency 
errors have been somewhat greater than they were 
before. I should like to know whether we may expect 
a further deterioration in the standard. 

In the Post Office, we have not many applications 
for low-grade-accuracy frequency standards. For the 
majority of our applications, such as control of the 
frequency of telephone carrier systems or of the wave¬ 
length, of radio stations, we use a high-grade standard 
which is accurate to better than 1 part in 10 millions. 
I would suggest, however, that the authors’ instrument 
might be very usefully employed by the power supply 
industry. It presents information regarding frequency 
stability of 60-cycle mains in a form which requires less 
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sorting-out than is necessary with the type of chart 
usually associated with a frequency-measuring device. 

Mr. J. S. Forrest: Although frequency measurement 
by beat methods has been commonly employed for 
audio-frequency and radio-frequency work, I think that 
this is the first investigation in which this technique has 
been seriously used for the measurement of commercial 
power frequencies. 

Fifteen years ago, in the days of single power-station 
systems, it was sufficient if the frequency was known to 
within 1-2 c./s. Nowadays, however, very large inter¬ 
connected systems—for example, the national system, 
with a plant capacity of 6 000 MW—^may be controlled 
from one point, and in such cases a change of frequency 
of 0-05 c./s. is significant. 

Statistical methods of recording frequency variations 
have not so far been employed on the national system. 
We have frequency recorders in all conttol rooms, and a 
survey of the frequency charts indicates that the dia¬ 
grams of distribution of frequency errors given in the 
present paper do give a good picture of the frequency 
variations. Broadly speaking, the frequency is kept 
constant to within 0-1’ or 0-2 c./s., and variations of 
more than 0-3 c,/s. seldom occur, at least on large inter¬ 
connected networks. Occasionally larger variations 
occur on a local system when owing to fault conditions 
it becomes disconnected from the national network; and 
in these circumstances there may be for a short period 
a frequency-change of the order of 1 c./s., the frequency 
rising if the local station had been exporting, and 
dropping if it had been importing, before the fault 
occurred. 

We have also installed time-error recorders in all the 
control rooms, and these instruments give a continuous 
record of the difference between frequency time and 
standard time; the remarks on time errors in the Intro¬ 
duction to the paper are confirmed by the records 
obtained from these recorders. 

The slight deterioration which has occurred already in 
the frequency control was due to the following cause. 
Until December, 1938, the grid was operated with two 
or three areas in parallel, and a technique of frequency 
control had been developed which had reached a fairly 
high standard. In December, 1938, however, it was 
found advisable to interconnect all the areas, and to 
control the complete grid system from one point. Under 
these conditions, it is inevitable that the control should 
become less rigorous, unless there is a considerable 
increase in the supervisory and communication facilities. 
Ini the future, owing to the use of more sensitive and 
refined methods of control, the position should improve. 

The method described in the paper is not in general 
applicable to control purposes, as an indicating instru¬ 
ment is required which will give the instantaneous fre¬ 
quency. The accuracy obtained (O'01 to 0-02 c./s.) is, 

■ however, sufficiently high for operation purposes, so that 
the authors’ instrument shoulji have some useful appli¬ 
cations in comparing the efdciency of frequency control 
on difierent networks and in comparing different methods 
of control on the same network. 

About a year ago, in conjunction with Mr. Morrell, 
we compared the results obtained at Dollis Hill with 
those given by our own recorders; perfect agreement 


was obtained when the frequency was 50 c./s., but when 
a frequency error was present the Post Office instrument 
indicated a larger error than did our own recorders. 
Investigating the matter further, we chose a particular 
date when we knew that the frequency error was larger 
than usual, and obtained the recorder readings from 
Birmingham, Manchester and London. The mean fre¬ 
quency for these three recorders at this time was 
49-67 c./s., and the maximum discrepancy between the 
recorders, which were not all of the same make, was 
0-^05 c./s. On this occasion, the Dollis ITill instrument 
gave a reading of 49-5 c./s. Translating these figures 
into the terms given in this paper, the C.E.B. recorders 
gave a frequency error of 0-66 % dh 0-05 %, and the 
Post Office instrument an error of 1 %. At the time we 
were unable to clear up this discrepancy, and I should 
be interested to know whether Mr. Morrell has obtained 
any information since which would throw any light on 
the matter. 

Mr. F. Hope-Jon.es: If the frequency of the grid 
supply could be relied upon to remain constant to a 
greater degree of accuracy than it does at present, the 
supply mains would be useful in physical laboratories 
and in wireless and television work: in fact, wherever 
tests against time are carried out. The mains can give 
us a chronograph pen record which can be read directly in 
lOOths of a second. They might also provide the sidereal 
telescope drive at Greenwich and other observatories. 

On looking through the paper I am reminded that in 
1899 I myself read a paper* before The Institution on the 
subject of electric clocks, and that 4 years previously I 
had forecast in Lightning the coming of the synchronous- 
motor clocks which have since proved so useful. 

Up to a few years ago the timekeeping of the grid had 
been steadily improving, and it had kept within 3 or 
4 sec. for long periods. It degenerated about 1938, and 
we are now told why. Until then, only two or three 
sections or areas had been run in parallel, but they have 
all been put in parallel since. 

Turning to the demonstration of the quartz-crystal 
clock, I should be glad if Mr. Essen would tell us some¬ 
thing of the necessity of rigorous control of the tem¬ 
perature in which it operates. 

As long ago as 1927 Mr. Loomis, an amateur astronomer 
of Tuxedo Park, 40 miles from New York, acquired three 
Sjmchronome Shortt free-pendulum clocks. He mounted 
them on solid rock faced with concrete, arranged in the 
form of an equilateral triangle so that one pendulum 
would not influence another by its beats being transmitted 
through the support. He also obtained from Mr. James 
Marrison, whom I have always looked upon as the 
pioneer of the quartz clock, a service of 1 000 c./s. 
transmitted on a land-line, being a sub-multiple of the 
natural frequency (100 000 c./s.) of the ring of quartz 
in the Bell Telephone laboratories in New York. 

Mr. Loomis then invented a spark micro-chronograph 
which enabled him to compare these two methods of 
timekeeping. Every half-minute, in the act of receiving 
their’impulses from the Synchronome clocks, the pen¬ 
dulums automatically caused a spark to pierce a band 
of brown paper 10 in. wide, this paper being made to 
progress continuously by a phonic wheel in the crystal’s 

* Journal I.E.E., 1900, 29, p. 110. 



FREQUENCY ERROR OF ALTERNATING-CURRENT POWER SUPPLIES: DISCUSSION 517 


circuit. The measurements went on for 8 months, and 
then the records were examined by the mathematicians 
at Harvard, Prof. E. W. Brown and Dr. Brouwer. The 
mathematical analysis of their rates showed that there 
was a definite disturbance of one pendulum as a result 
of the vibrations of the other two, in spite of the pre¬ 
cautions above described. They eliminated that, but 
they still found a persistent residual wave of exactly 
the lunar period (10| hours), which of course represented 
the small change in the value of gravity due to the 
alternate addition and subtraction of the effect of the 
moon. The amplitude of the wave, i.e. the maximum 
difference in time between the quartz clock and the 
pendulum clocks, was O’0002 sec. 

It had always been assumed that no clock was capable 
of sufficient accuracy to perform such a feat. Even 
when such extraordinary precision of time measurement 
became available, the lunar period could never have been 
revealed without something to compare it with which 
was not based upon gravity. It was a spectacular 
demonstration of the accuracy of the quartz-crystal clock. 

Mr. R. O. Carter: I should like to refer hrieliy to 
two applications where the accuracy of the supply 
frequency is important. 

The first is in connection with the use of dry-plate 
rectifiers for floating secondary-cell batteries in, for 
example, small unattended exchanges where it is desired 
to maintain the floating voltage of the battery extremely 
constant even when the supply voltage and the load 
vary considerably. This is achieved in most cases by 
the use of transformers or chokes saturated either by 
direct current or by alternating cui-rent, these being 
sometimes tuned to the supply frequency or to one of 
its harmonics. To g:ive the results obtained with a parti¬ 
cular set, the combined effect of a 6 % change of supply 
voltage and a change of load from the minimum to the 
maximum for which the set was designed (in the more 
adverse direction) was a change of battery floating 
voltage of only 1 %. A change in supply frequency of 
only 1 %, however, produced over 2 % change in the 
floating voltage. Whether or not' such a set will be 
satisfactory clearly depends upon the characteristic of 
the frequency error of the mains to which it is connected. 
The effect of the change of frequency is not so serious 
as it might appear, however, since the periods when the 
frequency is high will be balanced by the periods when 
it is low; and, since the change of voltage with frequency 
is approximately linear, the net effect on the battery 
will not be either to charge or to discharge it. Neverthe¬ 
less, it is important to know the frequency-deviation 
characteristic of the supply in order to decide whether 
the set will be satisfactory. 

The second application is in connection with the design 
of resonant shunts which are used in smoothing rectified 
supplies to electric traction systems. The usual scheme 
consists of a series choke followed by a number of tuned 
shunts, each of these circuits being tuned to one of the 
harmonics present in the output of the rectifier. (In the 
case of a 3-phase rectifier the circuits would be tuned to 
300, 600 and 900 c./s. respectively.) The attenuation 
provided to the particular harmonic by any one of these 
tuned circuits will depend on its efiiective resistance, and 
the variation of the attenuation with the frequency of the 


supply will depend on the decrement of the shunt circuit. 
In the absence of any variation in the frequency of the 
supply, the optimum decrement will be determined b}^ 
considerations of the cost of the coil and condenser, but 
when allow^ance has to be made for variation of frequency 
it may not be possible to use what would otheiwise be 
the most economical design. In arriving at the most 
satisfactory design it will be necessary to bear in mind 
the frequency-deviation characteristic of the mains with 
which the set will be employed. 

In connection witli both these applications, as in the 
application mentioned in the paper, it is important to 
know not only what deviation can be expected at the 
moment but whether or not in the future the mains Avill 
probably improve. Consequently, if there is a number of 
such applications, supply authorities should endeavour 
to w’ork not only to a certain total number of cycles in 
the day but also to some agreed standard deviation. 

Mr. F. E. J. Ockenden: I should like to know the 
extent to which the accuracy of the teleprinters depends 
on the frequency. If the frequency synchronization is 
wrong, does it mean that the message received at one 
end will be incorrectly reproduced, or merely that the 
machine will cease to operate at all because the speed is 
exceeding a permissible deviation from the synchronous 
value ? 

I should also be interested to learn how the errors in 
timekeeping mentioned by Mr. Essen, and amounting to 
only a few thousandths of a second in the course of a day, 
are measured. 

Mr. G. F. Shotter: I should like to suggest to Mr. 
Morrell that he develops this apparatus even further, 
so that the positive and negative errors could be 
separated. If this could be done it would prove parti¬ 
cularly instructive in confirming the arguments as to 
the effect of load changes given in the paper. The con¬ 
clusion reached by the authors, that the synchronous- 
motor drive would be quite satisfactory for teleprinters, 
should give a certain amount of satisfaction to the supply 
engineers responsible for frequency control. On the 
other hand, it seems to me that it might be a little 
dangerous to rely entirely on the frequency control 
always being kept within 0’046 %, although no doubt 
this point has been covered by “ carry over ” features in 
the teleprinter apparatus. 

Mr. F. E. Nancarrow {communicated ); It may be of 
interest to recall certain measurements of the variation 
of the frequency of power supply mains, perhaps the first 
to be carried out in this country to such a degree^ of 
accuracy, which were made at the Radio Laboratory, 
Dollis Hill, in 1932. 

Fig. A shows in schematic form the arrangement used 
for taking the observations. The supply was caused to 
control a multivibrator at its fundamental frequency, 
and the 20tli harmonic was selected and amplified to 
equal in magnitude an amplified output taken from a 
1 000-cycle tuning fork. The latter, which was the 
frequency standard of the Laboratory, had a frequency 
which was known to within 1 part in 10®. These two 
outputs were combined at the input of a rectifying 
valve, and the beats obtained in the output of this valve 
were caused to actuate a relay which in turn operated one 
siphon of a double siphon-recorder. The second siphon 
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of the recorder was caused to .record seconds, which were 
obtained from the contacts of a phonic motor driven 
from the output of the 1 000-cycle tuning fork. 

The determination of the sign of the variation, i.e. 
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recording on the tape of the siphon recorder, and the 
tape suitably marked. 

Fig. B shows a typical result of an hour’s observation 
taken between 10 a.m. and 11 a.m. on the 1st June, 1932. 
The frequency varied between 49-909 and 50-073c./s., 
representing maximum variations from nominal fre¬ 
quency of -0-182 % and -j- 0-146 % respectively. It 
is interesting to note that these results correspond to the 
results obtained by the authors in their earlier measure¬ 
ments, although at that time there did not appear to be 
th^ higher-value variations such as the authors indicate 
are possible to-day. 

The labour a.nd patience involved in analysing the 
tape records was, of course, great, and the recording 
device described by the authors avoids this altogether 
ancl enables observations to be carried out over prolonged 
periods without attention and with the answer always 
available for inspection. It would, however, perhaps 
make the device even more useful if some means could 

be incorporated whereby the sign of the variation could 
be given. 

Mr. P. ^ d’E. Stowell [communicated ): The instru¬ 
ment described in the paper is a considerable advance 
on other forms of recording instrument, as it allows the 
S handled mathematically with the minimiun 
of trouble. I am sure that there is a wide field for 
instruments of this type for numerous other applications 
than frequency recording. They are in fact ideal in all 
cases except those in which correlation with time is the 
pnmary concern. 

I should like to know whether the authors consider 
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during’ the day period, \^■hen there is a maximum change 
of load. Reference to system load curves -will show, 
howuA’cr, that the inaximunr changes of load do not 
occur during the period 9 a.m. to 5 p.m. In fact, if the 
coeflicient of variation of the system load is estimated 
from the winter curves given in. Fig. 9 of Mr. Johnstone 
Wright’s Inaugural Address,* the following comparison 
is obtained with the figures given in the paper. 


IVrivHl 

Day 

Night 

Week-end 


Coi'flicient of variation 
of load 

•• 11 % 

• ■ 47 % 

• • 38 % 


Standard deviation 
of frequenry error 

0-116 % 

0-100 % 

0-107 % 


This does not setnn to indicate any positive correlation 
between frcupiency and load variations. If there is 
coiTelation it appears to be negative. 

Again, in comparing period No. 2 with period No. 3 
the authors ]3oint out L-hat the higher frequency error 
in the- latter is probably due to the grid operating as a 
larger unit at that time. I should have expected that ^ 
tlic greater the extent of, or the greater the total load on, 
the system the less should be the inherent frequency-ei-ror 
even wlion the load is changing rapidly, because each of 
the inherent errors in load forecasting should have a 
siiKiller effect on the system as a whole. 

I shall be interested to see the figures for 1940, when 
thfiy are pulilished, as I take it that Table 2 does not 
actually refer to period No. 4, as is stated.t The stan¬ 
dard deviation and class intervals suggest that Table 2 
rcfer.s to period No. 3. 

Mr, F. O. Morrell (m reply ): Dr. Radley is probably 
correct when he suggests that the readings of frequency 
error fall on a curve which is the sum of two normal-error 
curvijs. Tliis has been confirmed in the case of Fig. 3, 
wdiere it lias been found that two curves produce an 
appreciably better fit. It is thought, however, that the 
improvement ohta-ined does not justify a departure from 
the essential simplicity of the single normal-error curve. 

His further suggestion that the controlling-station 
opeu-ator adjusts the machines to frequencies above or 
below 60 c./s., depending on whether the mains-driven 
clock is slow or fast, would seem to indicate that some 
improvement in the accuracy of the mains frequency 
could be obtained by reducing the maximum permissible 
time-error, and thus reducing the frequency-change 
required to correct the error, 

1 have to thank Mr. Forrest for his amplification of 
that part of the paper concerning the interconnection of 
the grid-system areas. He has also answered Dr. 
Radley’s question regarding the trend in the accuracy of 
the mains frequency. It is agreed that a useful feature 
of the instrument lies in the ease with which it enables 
different systems and methods of control to be compared. 
This is due not only to the form in which the record is 
given, but also to the .statistical treatment of the results. 

The discrepancy between the results given by the 
C.E.B. recorders and the Post Office instrument has been 
accounted for. The error occurred mainly in the dura¬ 
tion of the counting period, which, just previously, had 
been reduced from 10 to 6 sec. 

The supply mains would, as Mr. Hope-Jones states, be 

♦ Journal I.E.E., 1940, 86, p. 1(3. t Corrected for the Journal. 


extremely valuable in radio and television laboratories if 
their frequency were sufficiently accurate; it is thought, 
however, that the required improvement is more than 
cair reasonably be expected. Nevertheless, at the present 
time use is made of the mains frequency for certain 
purposes. Although synchronous motors have not yet 
been used on teleprinters, except experimentally, the 
speed of governed d.c. motors is checked and adjusted 
by means of an instrument called a synchroscope, in 
which the mains frequency is the accepted standard. 

Mr. Caider quotes two further instances where a 
knowledge of the probable accuracy of the mains fre¬ 
quency is of importance in the design of apparatus. 
Attention is drawn to his implication that supply 
authorities should work, to an error-distribution curve 
having a specified standard deviation rather than a 
definite maximum error. 

In reply to Mr. Ockenden, the effect of speed errors in 
teleprinters needs some amplification. Teleprinter sig¬ 
nals transmitted over a line suffer distortion due to 
various causes, and the total distortion must be strictly 
limited if the receiving machine is to reproduce the 
message without error. Difference of speed between the 
transmitting and receiving machines is equivalent to 
signal distortion, and therefore the greater the difference 
the less will be the permissible distortion from other 
sources. Before a machine would fail on account of 
speed error alone the speed difference would have to 
exceed 6 %. 

Regarding Mr. Shotter’s reference to the danger of 
relying on the mains to drive synchronous teleprinter 
motors, it should be stated that in important offices it is 
always necessary to provide a reserve power supply to 
cover mains failures; a similar reserve for synchronous 
motors would cover any prolonged period when, owing 
to fault conditions, the frequency error was excessive. 
Momentary errors in excess of 0 - 45 % would probably 
not cause any noticeable failure of the telegraph system. 

The earlier tests and records to which Mr. Nancarrow 
refers are of great interest. They were well known to 
me before the present instrument, which works on the 
same general principles, was designed. The labour and 
patience which, as Mr. Nancarrow states, were required 
in analysing the earlier records were largely responsible 
for the production of the automatic recorder. He and 
Mr. Shotter will be interested to learn that a similar 
instrument, but one which records also the sign of the 
■frequency error, has been designed. It will be described 
by Mr. W. E, Finlason in the January, 1941, issue of jthe 
Post Office Electrical Engineers’ Journal. 

My - t-LaTiVc! are due to Mr. Stowell for his remarks on 
the value of recording instruments of this type. He 
raises an important point on the application of statistical 
methods to engineering problems. It is true that the 
standard errors of the standard deviations are con¬ 
siderably less than the differences obtained, but this is 
not unexpected. The value of calculating standard 
errors lies mainly in the ease with which future samples 
may be checked, but it is essential that the samples be 
drawn from the same universe or one which^ is in 
statistical equilibrium, and this is impossible in the 
case under discussion. Alternatively, if subsequent 
measurements show variations in statistics exceeding 
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the probable limits given by the standard errors, a 
changing universe can be suspected. Thus, comparing 
Figs. 4a and 5, having standard deviations of 0-106 % 
and 0-175 % respectively, it. appears that the universe 
from which these samples were drawn was not in 
statistical equilibrium, and this was confirmed when 
it was found that experiments in regard to the inter¬ 
connection of areas were in progress. 

The inference to be dravm from this is that though at 
the present time frequency-errors have a certain standard 
deviation, one cannot assume that it will remain constant 
and hence predict, with a high degree of accuracy, the 
probable variation in the future. Nevertheless, the 
probability of a considerable deterioration in the future 
is very small, and, whilst makijig due allowance for the 
present and probable future conditions, considerable use 
can be made of the results which have b«en and are now 
being obtained. 

As regards Mr. Stowell’s remarks on the correlation of 
change of load and the standard deviation, it would 
perhaps be truer to say that the latter is roughly depen¬ 
dent on the rate of change of load. It is pointed out 
that the day figures given in the paper refer to the 
period between 8.0 a.m. and 5.0 p.m. 

Mr. L. Essen {in reply ): The problern of the tempera¬ 
ture control of the quartz clock, to which reference was 
made by Mr. Hope-Jones, is not a difficult one. The 
dirnensions of the quartz oscillator and the direction in 
which it is cut from the crystal are chosen, so that the 
temperature coefficient of frequency changes sign at a 
convenient worldng temperature. The temperature is 
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then controlled at this value at which the coefficient is 
nearly zero over a small range. The changes in the rate 
of the clock caused by changes of temperature of 
rb 0-5 deg. C. and 5 deg. C. from the controlled value 
are 0-001 sec. per day (approximately), and 0-15 sec. 
per day respectively. A very precise temperature 
control is not therefore necessary and the stabilit}’- of 
0-1 deg. C. obtained with a simple design of oven is 
more than sufficient. 

The accuracy in timekeeping of a few thousandths of 
a Second per day commented on by Mr. Ockendeir can 
only be obtained by the continuous comparison of a 
group of time standards with one another and with 
observatory time signals. (The intercomparison of the 
clocks can be effected by recording signals from them 
on a high-speed chronograph or in the case of oscillator 
clocks, such as the quartz clock described, by recording 
and measuring the beat between each pair of oscillators. 
By this latter method comparisons of rate accurate to 
0-001 sec. per day can be made in a few minutes. One of 
the clocks must also be compared with time signals; but 
since the accuracy of these when received and recorded 
is of the order of 0-03 sec., it is necessary to average 
the results over monthly intervals to obtain an accuracy 
of rate of 0-001 sec. per day. The continuous com¬ 
parisons between the individual clocks show how far tliis 
average rate can be used at any time during the month. 
The monthly stability of a good quartz clock is of the 
order of 0-001 sec. per day, so that the average value 
obtained from time signals can be taken as the rate of 
the clock at any time during the month. 
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SUMMARY 

Section (1) sets out the means to be taken by way of external 
protection to ensure that mains cables entering a power or 
ilistribvitiou station will not be destroyed by an oil fire^of 
sliort duration or help the sx^read of an extraneous fire. Ihe 
means favoured for new installations is the use of a moulded 
asbestos material whicli has in the best degree obtainable the 
thermal characteristics required. 

To meet the case where cables arc run without exterior 
metal |n-otection, for jiositions having special lire risks and ^ 
for such .special uses as for switchboard connections, a new 
l.y{ie of cable dielectric [described in Section (2)] has been 
d'eveloxied which of itself possessc's a high degree of fire 
resistance, llie material is of a ruliber-likc nature, and the 
dimensions of tlie cable and tlie technique of installation are 
the same as for rubber-insulated cables. 

Section (3) descrities a iiiglily important series of tests made 
generally under conditions as nearly as xmssible simulating 
those obtaining in coa,l mines—an investigation made in close 
collaboration with H.'M. Electrical Ins^rector of Mines. The 
oxiieriments show that, in the great majority of cases, the 
cables withstand any transient llames such as would arise 
from an explosion of fire-damp, and generally that it is very 
difficult to set fire to a cable under conditions held fairly to 
simulate working conditions in a pit. In the case of trailing 
cables the tests have been carried through in some cases under 
condition-s much more severe than can occur in pra.ctice. 
Tliese tests have indicated that, to secure the maximum 
degree of safety from fire due to internal faults, a fu'e-resisthig 
type of dielectric may be desirable, and that special [irovision 
may be necessary as regards both screening of the cable and 
the provision of earth-leakage protection. 

Section (4) is a note on the cold-pouring, cold-setting type of 
compound recently brought into prominence for emergency 
repairs which may have to be made under conditions both of 
urgency and of atmosiihere that would jireclude the use of 
lieaters of the flame type and also would not allow of the 
ordinary long time for cooling and topping-up on contraction. 

The main features of the compound are; {a) That certain 
ingredients mixed immediately before pouring cause the 
compound to sot after a short period from the time of mixing, 
{b) that there is little or no contraction on setting; (c) that the 
electrical characteristics, although not so high as those of the 
best pitch compounds, are sufliciently good for service con¬ 
ditions; and (d) that the compound has proved to have ample 
.stability for emergency^ joints under all conditions likely to 
be encenmtered. 


INTRODUCTION 

Iburiiig the last 4 years there has been genera.l con¬ 
centration on the problem of fire risks in electrical 
installations and on the precautions necessary to elinii- 
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nate them. These problems, which apply to ships, power 
stations and mines, are probably mostly due to the 
immense spread of the ijse of electrical energy and the 
enormously increased size of the power units and of the 
distribution systems. 

As a result of the various' inquiries that have been 
held the encouraging news, from a cable maker's point 
of view, has emerged that nowadays the fire risk due to 
faulty cables is exceedingly small, so small in fact that 
it may be almost ignored, and that, so far as cables are 
concerned, the real precautions to be taken are in respect 
of the spread of extraneous fire along the cable. 

So far as ships are concerned, shipping records justly 
draw attention to the proud record of British shipping in 
this respect; regarding power stations, the report of the 
Electricity Commissioners does not call for any special 
protection from fires arising witMn cables; and, as for 
mines, all the evidence of fires in mines has exonerated 
cables. 

An additional piece of evidence in this direction is 
provided by the criticisms of the introduction of a cable 
with fire-resisting dielectric made in some quarters, on 
the ground that fires with vulcanized-rubber cables are 
practically unknown and that therefore a better article 
is not required. 

However satisfactory the general volume of proof may 
be, it will be obvious that the cable-maldng industry was. 
bound to make all possible investigations and in parti¬ 
cular to help in the solution of the problem of resisting 
the spread of an extraneous fire along a cable run. 

It is for these reasons that the contents of this paper 
are sectionalized, since each section describes investi¬ 
gations and developments carried out largely at the 
request of one or other of the bodies charged with in¬ 
quiries of one aspect or another of the problem. Taken 
as a whole, however, each of the various sections of the 
paper has its bearing on the general problem of fire ri^ks. 

(1) THE FIREPROOFING OF MAINS CABLES IN 
POWER STATIONS 

Although a great deal of work on this subject had been 
done in America, mainly with a view to protecting cables- 
from fire due to breakdown of adjacent cables, more 
particularly in the manholes which are part of the large 
duct systems prevalent in the United States, it was not 
until 1937 that the subject was given serious considera.tion 
in this country. The Committee set up by the Electricity 
Commissioners as a result of painful experience worked 
energetically at the problem and we owe much to. thi,s. 
Committee foiy the excellent way in which the whole 
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problem was clarified, and for the resultant proper pro¬ 
vision for protection against fire. 

It may be assumed from the published recommenda¬ 
tions of the Commission that the main problems to be 
faced so far as cables are concerned arise from extraneous 
fires mainly due to flowing burning oil in a station or 
substation. 

As a result of the measures taken for protection against 
oil fires it is expected that, if and when such fires do 
occur, they will be of comparatively short duration so 
that the protection necessary for the cable is something 
which will withstand a fire for a short time without 
damage to the cable, or, at the very worst, ensure that 
any danger is kept within bounds so that the dielectric 
of the cable does not contribute to the general con¬ 
flagration. 

The recommendations of the Commissioners were made 
after full consultation with the industry* and with them 
the cable makers are in full agreement. It may, how¬ 
ever, be of interest to discuss the manner of giving effect 
to these recommendations and the effect that the pro¬ 
tection may have on the performance of the cables under 
normal operating conditions. 

The essential requirement for the fireproofing of lead- 
sheathed paper-impregnated cables is that the fire¬ 
proofing should be sufficiently heat-resisting fully to 
protect the cable, of sufficiently low thermal resistivity 
so as not to decrease unduly the current rating of the 
cable, and either be of such composition as not to set up 
corrosion of the lead sheath or, alternatively, be pro¬ 
vided with protection against such corrosion. 

A combination of all these properties w^as not very 
easy to find, and a good deal of investigation was required 
before the best materials were found. Also in some 
cases the use of the best method was not possible on 
systems already installed, and alternative- methods had 
to be sought. 

Dealing with the question of cables emerging from the 
floor and going upwards to connect to switchgear, etc., 
or to other cables run in the vicinity of such gear, the 
method selected for new installations and for existing 
installations where space was available was to use 
moulded asbestos supplied by the makers in the form of 
split tubes which could be clamped around the exposed 
length of the cable. Apart from ease of fitting and 
the comparatively pleasing finish of the job, this material 
represents the nearest approach to the ideal charac¬ 
teristics mentioned above. Magnesia has probably a 
higher degree of resistance to fire than the asbestos 
m&uldings, but the thermal resistivity of the material 
is so high that the current rating of the cable would be 
greatly reduced. 

The thermal resistivity of moulded asbestos is of the 
order of 700 thermal ohms, a value which, with the 
thickness of material used, would normally decrease 
the current rating of the cables by about 20%. Against 
this, however, may be offset the normal increase of rating 
due to the fact that the cables in the ground are probably 
grouped, whereas when they are taken to switchgear they 
are separated by a distance sufficient to free them 
from " proximity heating.” This generalization, how¬ 
ever, must not be carried too far, since if the cables in 
the run were separated throughout and operated at or 


near their maximum current the asbestos-covered section 
would reduce the permissible current to an extent which 
would require serious consideration. 

The fire-resisting properties of the moulded asbestos 
material appear to be extremely good. From figures 
quoted by the makers the white asbestos material only 
begins to suffer damage when subjected to a temperature 
of 2 500° F., and the asbestos compound can withstand 
much higher temperatures for short periods. 

Tests carried out by the E.R.A. on cables protected 
by.moulded asbestos exposed to a serious oil fire shovud 
that, while parts of the burning enclosure reached a teni- 
peratux-e of about 1 100° F., the highest I'ecorded tem¬ 
perature on the protected cable sheath was 176° F. 
More severe tests of the same material used as a pro¬ 
tective covering for steel girders showed that after a 
period of more than 4 hours’ exposure, during wliich 
the ambient temperature rose to 2 100° F., the tempera¬ 
ture of the protected ironwork was only 850° F. 

It should, however, be noted that the material is 
somewhat alkaline and that, to ensure protection against 
corrosion, the lead sheath of the cable should first be 
protected with a layer of bitumen paint and wrapped 
with one layer of bituminized tape. 

An alternative method for new installations is to apply 
to the lead sheath of any portion of an underground 
cable which may be exposed to fire risk inside a station, 
the following finish in place of the normal waterproof 
coverings:— 

The lead sheath shall be coated with the ixormal 
waterproof compound over which shall be applied 
two layers of hessian tape thoroughly compounded 
with a suitable fire-resisting compound which shall 
have no deleterious effect on the sheathing. A com¬ 
plete layer of uncompounded armouring wires shall 
be applied over this bedding. Such armouring wires 
shall consist of galvanized steel in the case of twin axid 
multi-core cables, and also for siixgle-core cables used 
on d.c. circuits. For single-core cables used on a.c. 
circuits the armouring wires must generally be of 
non-magnetic material. 

All the cables on which this class of finish is desired 
should preferably be wire-armoured throughout their 
whole length. 

Wlxere armouring is not employed the above bedding 
should be used, modified to permit the use of a fire- 
resisting cotton tape overall, the cotton tape being 
employed to improve the appearance of the finish. 

In another Section of the paper the protective effect 
of armour wire is clearly shown and, although a plain 
lead-sheathed cable is generally used near switchgear, 
this method of protection is worthy of serious con¬ 
sideration. 

For existing installations in which the conditions of 
erection are such as not to allow the use of moulded 
asbestos a very good degree of fire resistance can be 
ensured by stripping off all the existing protective 
wrappings to the armour (or lead as the case may be), 
painting the cable with bitumen paint and wrapping 
with a layer of bituminized tape, and then applying two 
layers of asbestos tape with a sensible overlap. The 
asbestos should be freely painted with silica paint. 
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The remainder of the' instructions issued by the 
Electricity Commissioners do not require any comment 
from a cable-laying point of view, and it need only be 
pointed out that enclosure in such materials as weak 
cement which have a quite low thermal resistivity will 
not adversely affect the current rating of the cable so 
enclosed: in fact it might, under some conditions, slightly 
improve it. Just a word, too, on the warning regarding 
sand as a drainage for oil: some authorities insist that 
the pebbles used for this purpose should be at least | in, 
diameter and claim that sand or granite drippings impede 
the drainage of oil to a dangerous degree. 


(2) FIRE-RESISTING CABLES 

In recent years increased attention has been given to 
the question of the extent to which electrical installations 
in buildings, ships, mines, etc., may be responsible for 
fires, and all cable makers are naturally desirous that the 
cables used shall have the minimum tendency either to 
initiate a fire as the result of an electrical failure in the 
circuit or to spread a fire which may have arisen from 

some extraneous source., • 

Rubber-insulated cables have proved deservedly 
popular on account of their satisfactory electrical pro¬ 
perties, ease of installation, and long life in service. 
While there has been a gratifying freedom from serious 
troubles it has been recognized that it is a somewhat 
difficult matter to impart to rubber-insulated cables a 
high degree of fire resistance while at the same time 
retaining their other desirable properties. Although a 
standard vulcanized-rubber dielectric is not inflammable 
in the sense in which certain materials are recognized 
as being inflammable, it does not possess any specific 
fire-resisting or self-extinguishing properties. Conse¬ 
quently the fire-resisting or flame-retarding properties 
of cables with standard vulcanized-rubber dielectric 
depend upon the outer protection which, for wiring sizes 
of cable, usually takes the form of a single or double 
braiding of cotton, wool or asbestos, treated with ^me 
form of fire-resisting compound. While such cables have 
obtained a wide use and represent the best that can be 
done with standard rubber dielectric, it has been fel 
by cable makers that they do not represent the best 
technical solution of the problem of fire-resisting cables, 
.since they are not fire-resisting at exposed ends. More¬ 
over, to obtain the best results it is necessary to have a 
relatively thick outer protection, which naturally in¬ 
creases the overall diameter, and this, m turn, may 
introduce installation difficulties, to say nothing of the 
fact that the double braiding operation, whichisnecessary 
to obtain the best results, naturally retards produption 
It seemed clear, therefore, that if it were possiblq to 
develop a cable using a dielectric having the properties 
associated mth rubber, with the ““tonal prop^ of 
inherent fire-resistance, it would represent a definite s p 

foi'ws^x'ci 

Cables having mineral dielectrics. 
magnesia, have been commercially available for som 
time bul although such cables have obviously very 
' Lisiactory properties so far as hre-resistanc^s con¬ 
cerned they require special end-seahng g P ^ 
tection from moisture and, in addition tend g . 

which renders installation more difficult. For tnese 


reasons such cables have a restricted use, and the stan¬ 
dard types of rubber-insulated cables retain their popu¬ 
larity for general purposes. 

For a number of years the research staffs of the 
associatedj firms of cable makers have been attempting 
to produce fire-resisting or self-extinguishing rubber com¬ 
pounds, and quite a fair degree of success has been 
obtained in imparting these properties to rubber. The 
fundamental difficulty, however, has been that raw 
rubber is not self-extinguishing when once ignited, and 
the other materials which it is necessary to incorporate 
in the mix to overcome the lack of self-extinguishing 
properties greatly modify its other desirable properties. 
What is required for the basis of a successful self-extin¬ 
guishing dielectric is a material which, in the raw state, 
has rubber-like properties with the addition of fire- 
resisting properties, since it is clear that, although it 
migfi't prove netessary to incorporate other materials in 
much the same way as is done with rubber, it would not 
be necessary to sacrifice the rubber-hke properties in 
order to obtain the fire-resistance. 

, Several synthetic materials having generally the pro¬ 
perties outhned above have been produced over the past 
6-10 years and have naturally received ^ very close 
investigation in order to assess their suitabilify' for 
application to cables. Not all proved so useful as their 
initial examination suggested, but one of them proved 
extremely promising. Without entering into any very 
involved chemistry, it may be said that this material is 
obtained by the polymerization of 2-chlorobutadiene, 
which is represented by the formula CHg = C Cl ■ CH 
= CHo. It thus belongs to the same general chemical 
group as’ “rubber,” which is 2-methylbutadiene CHg 
= C CH — CH = CHg. This similarity in molecular 
constitution between the synthetic material and natural 
rubber is reflected in the fact that in the raw state 
the material is very similar in its physical properties 
to raw rubber. The raw material is unsuited to the 
manufacture of cables and has to be converted into a 
suitable “ mix.” However, as pointed out earlier, since 
the material is already fire-resisting it is not necessary 
to obtain the fire-resistance at the expense of other pro¬ 
perties. Extensive tests have shown that this synthetic 
material is more resistant than rubber to deleterious 
influences such as heat, oxygen, light, oil, etc., and 
although observations regarding its life under natural 
conditions are necessarily restricted to some 6 to 6 years, 
these observations have fuUy confirmed the conclusions, 
drawn from laboratory tests, that a satisfactory hfe may 
be anticipated from cable in which the synthetic mate^al 
is used Its electrical properties are interesting, but in 
one respect unfortunate, for whfie the breakdown value 
is comparable with that of rubber the insulation resistance 
is so low that the material would be unacceptable if used 
alone as a dielectric for general wiring work. 

A large number of experiments were carried out in 
which cables were made with dielectrics^ using differen 
“ mixes ” derived from the basic material, and also m 
which difierent types of mix were 

rubber with the object of maintaining a high degree _ot 
self-extinguishing properties and ““““f 
satisfaotory electrical properties As a 
possible to arrive at a construction of dielectric which, 
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■while self-extinguishing to a very high degree, alsocomplies 
vith all recognized electrical pressure tests for rubber 
cables and has an insulation resistance which, although 
somewhat lo’vver than that normally associated with 
■V ulcanized rubber, is ample for all wiring purposes. It 
was further found possible to obtain these properties 
with the new dielectric applied to the same radial thick¬ 
nesses as the standard vulcanized rubber. 

As mentioned earlier, the way in which a cable might 
influence a fire is either by spreading a fire which has 
already started from an extraneous source, or by initi¬ 
ating the fire thi-ough some electrical failure. The out¬ 
standing properties of the new fire-resisting dielectric in 
neither spreading an existing fire nor initiating one can 
e demonstrated by means of laboratory tests. 

An example of a test is shown in Fig. 1 (see Plate 1, 
facing page 524:) in which a sample of the new fire- 
resisting dielectric without any extefnal coverings 
aeft-hand sample) was subjected to an external flame, 
hot oiily was the fire-resisting dielectric difificult to 
Ignite but all action ceased in about 30 seconds and the 
dielectric was impervious to continued application of 
only that part in the immediate vicinity of 

tte STh r* conditions 

K dielectric (right-hand 

ohMnb Similar results are 

obtained if an internal arc is caused to occur, e.g. from 

oSh?. the immediate vicinity 

the arc but y. ^7 the intense heat of 

the Q.XC but when the latter ceases the dielectric is also 

otoTheflS" convey fS: 

to another part of the mstallation. 
thf ^ satisfactory fire-resisting dielectric, 

investStf of the cable was to 

saleTrff “ n was clear that the 

annlied to could be applied as are normally 

S^sly thf™ ™lcanked-rubber cables, although 

oonously the coverings would be restricted to those of a 

SsSfthl? considerattos sug- 

dielectric possessed such good iirf 

Tn be necess4 to mty 

cubber%;tc4°''T^as fc?ud"4ra: 4" 

is a covering 

protect mechanics! 

as a •4V' te dafg installation or to act 

after installation. The” 

than a cable made -with standard mKi Parties 

roi'44“f 


mineral dielectrics is that so far as instaUation is con¬ 
cerned the new fire-resisting insulated cable can lie 
regarded as identical with the standard rubber-insulated 
type, since the cable is just as flexible and requires no 
more protection at ends than is normally given to 
rubber-insulated cables. 

So far development has been I'estricted to the size.s 
and ’tjTpes of cable normally used in ordinary wiring 
work, i.e. braided and compounded or metal-sheathed, 
but development is proceeding on other types 


fs) THE FIRE-RESISTING PROPERTIES OF 
CABLES USED IN COAL MINES 
Fires which have occurred in coal mines during recent 
yeaxj with deplorable loss of life have raised in some 
minds the question as to how far the electrical cabh-.s 
have been responsible either for initiating a fire or for 
conveying, an existing fire from one part of the mine to 
another Some time ago H.M. Electrical Inspector of 
Mines (m. Horsley) inquired whether the cable makers 
woiM be wiUmg to carry out experiments with a view 
• to obtaining data which would answer certain specific 
This co-operation was willingly afforded, and 
Section of the paper deals with the work which was 
earned out as the result of a research programme drawn 
up after discussion between a suitable Research Com¬ 
mittee and Mr. Horsley, whose close co-operation and 
keen interest has been most highly appreciated. 

be clear that the most important 
feature of the co-operation has been the correlation of 
e methods of test with the conditions in a coal mine 

n^Lftowh^h mechanical 

worLg coafrSnr ' 

, T normally have a single wire armouring for 

TheaxmourfaggonfraS- 

dtt a S 4, f ttoronghly impregnated 

^rtectton l4^!f ““po^nd to give the maximum 
fW ^ corrosion. It was natural, therefore 

e first question that arose was whether the 

7°““ being set mi 

e, and, if so, under what conditions; andHurther 
assuimng they could be set on fire, to whit extent wto 
they hkely to convey flame. 

of 4 ‘T consisted 

Of- rubber-insulated, single-wire 

rmoured cable, and paper-insulated lead-covered cable 

^™rTd!"Th; TT' “athed and" 

Lnd trcftir^fn^pra^f Sf > 
&dmpbu7^® aftet4lroh”r?:b2 

guished almost TmSfdi4ly°“n' !!Snr!hf b“ 4 ' 
alight Tn <3eira 1 • ' x ‘^onipound i.s reasonably well 

whether S » =‘=“rtain 

rne wrappings would continue to burn, buhin 
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Plate 2 
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Fig. 3 .—Standard vulcanized-rubber, steel-wire-armoured cable as Fig. 2, but 10 min. after start. 



Fig.,4.—Standard vulcanized-rubber mining cable after 10-min. flame te,st. Three burners, armouring removed. 



Fig. 5.— Standard vulcanized-rubber mining cable after 10-min. flame test. Three burners, bedding removed. 
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Plate 3 



Fig. 6.—Standard paper-insulated, lead-sheathed*cable after flame test. Three burners, armouring removed. 



Fig. 7._Standard paper-insulated, lead-sheathed cafile after flame test. Three burners, hessian removed. 



Fig. 8.- 


1 1 • erl rubber steel-wire-armoured mining cable treated with fire-resistmg 

-Standard vulcamzed-iub^T st^^ after start of test. 
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Fig. 11. —Curve showing the penetration of hot and cold 
filling compounds. 


Figs. 9 and 10.— Apparatus for arcing tests on 
imitation trailing cable. 


Fig. 12. —66-kV single-core emergency joint. 
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every case they were self-extinguished in about 1 minute 
and there was no tendency for the flame to travel along 
the cable. In other tests the burners were left in 
position around the cable, and under these conditions the 
flame spread for a short distance on each side of the 
burners. All samples were, however, self-extinguished 
in about 6 to 8 minutes, and a total length of only some 
7 to 8 inches was afliected. Fig. 3 (Plate 2) shows a 
typical test 10 minutes after commencement. It will 
be seen that ignition is completed and the cable has been 
affected for only some 3 to 4 in. on each side of iilie 
burners. In other experiments similar tests were applied 
to cable in which the wrappings were previously cut 
about with a knife so as to expose free ends, with the 
object of simulating the wrappings when in a frayed 
condition. With a reasonable degree of fraying the 
behaviour of the cable was the same as that of an un¬ 
frayed sample, and it was not until the wrappings had 
been badly mutilated that they could be made to spread 
flame. Even under these conditions the rate of spread 
was I'elatively slow, being of the order of 1 ft. in 3 
minutes, and burning was restricted to the cut edges of 
the wrappings. 

In another series of tests the cable was tested in a 
vertical position. Two burners were applied to the 
cable for 30-second periods, together with a longer period, 
bringing the total time of application up to 5 minutes. 
Under these conditions the wrappings treated with 
standard petroleum pitch compounds were self-extin¬ 
guished without appreciable spread of flame. 

It will have been noted that the application of a hot 
external flame for about 16 seconds was necessary to 
ignite the compound on the wrappings of a standard 
C.M.A. cable, so that it seems reasonable to conclude that 
such wrappings would not become ignited as a result of 
a transient flame such as would arise, for example, from 
an explosion of fire-damp. The behaviour of the cables 
under the various tests applied indicates that relatively 
prolonged application of external flame, which implies 
an already existing severe fire, is necessary to ignite 
the wrappings, and it seems that if the source of flame is 
local the cable will not, in general, convey flame away 
from this spot. With more severe and general con¬ 
flagration the cable might well become ignited and convey 
flame, but the conditions envisaged would be such that 
any effect resulting from the cable would probably be 
relatively unimportant. 

In addition to observing the extent to which the 
cables would convey flame, it was thought of interest to 
ascertain to what extent they were themselves damaged. 
Fig. 4 (Plate 2) shows a typical rubber cable which has 
been subjected to 3 burners for 10 minutes, followed by 
removal of the outer wrappings and armouring wires. 
It will be noted that the compound on the hessian bedding 
has been melted away for some 3 to 4 in. on each side 
of the point of application of the flame, but beyond this 
nothing has happened. Fig. 6 (Plate 2) shows the same 
cable after removal of the textile wrappings over the 
tough-rubber sheath. The latter shows surface charring 
just at the point of application of the burners, but the 
cable is otherwise unaffected. Fig. 6 and Fig. 7 (Plate 3) 
show con*esponding photographs of a lead-sheathed, 
paper-insulated cable. After removal of the armouring. 
Von. 87. 


the hessian bedding over the lead was burnt away in the 
vicinity of the applied flame and it appeared that the 
lead had also been melted. Fig. 7, showing the cable 
after removal of the bedding, confirms this, showing the 
lead melted away locally. Further examination showed 
that the belt papers were charred, but the actual core 
insulating papers were unafiected. 

While the tests indicated that the wrappings treated 
wdth petroleum pitch compound were appreciably more 
fire-resisting than might have been expected, the next 
logical step was to investigate the use of compounds 
having greater fire resistance on the wrappings. Such 
compounds are already used on certain types of cable. 
Tests similar to those aheady described were applied to 
rubber cables which were^of standard construction apart 
from the replacement of the pitch type of compound by 
the fire-resisting compound. Fig. 8 (Plate 3) shows a 
sampleof cable 30 seconds after application of the burners, 
and it will be seen that there is complete absence of 
burning compound; even continued application failed to 
ignite the wrappings. It would seem that the wrappings 
'can for practical purposes be rendered non-ignitable by 
the use of fire-resisting paint compounds. These are 
not so resistant to the passage of water as are the standard 
petroleum pitch type which, as mentioned earher, are 
used specifically to give protection against corrosion. 
Consequently the use of these fire-resisting compounds 
in place of the present standard types would render the 
armouring wires more liable to corrosion from acid 
waters, etc. The author is not in a position to say 
whether the trouble which may arise from this source 
would more than offset any advantage which might be 
gained from increased fire resistance. 

Generally the results draw attention to the extra¬ 
ordinary fire-protective qualities of the armour wires. 
Not only are the exterior wrappings and their impreg¬ 
nating compound rendered fire-resisting to a high degree, 
but the inside of the cable is almost completely protected. 

The work so far described concerns the possible 
tendency of the armoured cable to spread an already 
existing fire. The next question which arises is whether 
a core-to-core arc, which might arise, for instance, as a 
result of mechanical damage to the cable, would set the 
latter on fire, this in its turn initiating a larger fire. 
The cables for this part of the investigation consisted of 
0 • 1-sq. in. 3-core, single-wire-armoured, rubber-insulated, 
impregnated paper-insulated, and vulcanized-bitumen- 
insulated cables with standard petroleum pitch finish. 
As a result of a number of preliminary tests made to 
obtain a rough idea of the magnitude of the possible 
effects, artificial short-circuits were made by driving 
0-064-in. copper wire through two of the three cores 
prior to completion of the cable. To prevent vapour, 
etc., being forced out at the end of the cable as the 
result of the arc, the test pieces were made 10 to 12 ft. 
long, the artificial short-circuit being in the middle of the 
length. For the actual test the pieces of cable were 
laid on a concrete floor and the two short-circuited con¬ 
ductors connected to a 600-volt supply obtained from a 
260-kVA, single-phase, 60-cycle alternator, giving a 
short-circuit current of between 1 200 and 2 000 amperes. 
Under the worst conditions the short-circuit caused a 
relatively violent explosion, burst the cable, burnt away 

■ ■ 34 ■■ 
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the conductor for 2 to 3 in., and ignited the outer 
wrappings. These were self-extinguished, however, _m 
periods varying from 2 to 16 minutes, and the burning 
did not spread away from the immediate neighbourhood 
of the fault. All three types of cable behaved in sub¬ 
stantially the same way, and although the short-circuit 
naturally caused severe local burning of the dielectric 
this was not further ignited by the burnmg of the 
wrappings. It would therefore seem that, although a 
severe internal arc due to a short-circuit can ignite 
external wrappings which have been treated with 
petroleum pitch compounds, the wrappings will be self- 
extinguished and will not convey flame along the ca.ble. 
The use of fire-resisting compound on the wrappings 
would obviously be a further safeguard against spread of 
fire but would not prevent local burning of the dielectric 
if the short-circuit were sufficiently se’^iere to burst the 
outer coverings and admit air to the interior of the cable. 

Flexible Cables 

The matters so far described refer to fixed ca,bles: simi-^ 
lar questions naturally arise in connection with flexible 
trailing and drill cables which have an unprotected 
rubber sheath and are more liable to mechanical damage 
which might give rise to internal arcing. In the first 
place it was desired to obtain an idea as to the ease or 
otherwise with which a standard rubber sheathing would 
become ignited from an external source of flame of the 
type likely to occur in a mine. Various t 3 rpes of cable 
were tested, both armoured and unarmoured. In the 
first type of test 1-yard lengths were laid flat on a 
concrete bench and the flame of a bunsen burner, 
adjusted as already described, was passed continuously 
backwards and forwards along the surface of the cable 
at a rate of 1 yard in 10 to 12 seconds. All [cables with¬ 
stood 60 such passages without any ignition occurring. In 
another type of test the burner was applied for varying 
periods to one spot on the cable, and the behaviour of 
the latter noted. A large number of such tests were 
carried out, and the following general conclusions were 
arrived at: — 

(1) To ignite the sheathing of a standard trailing cable 
even reasonably well, it is necessary to subject it 
to the action of a hot external flame locally for 
about 1 minute. 

('2) The rate of spread of the flame, after removal of 
the external source, is relatively slow—about 
I 1 inch in 4 to 7 minutes—and this rate appears 
to be subsequently unaffected by variations in 
time of application of the external flame. 

(3) Armouring under the sheathing definitely increases 

the difficulty of burning, and in some cases 
renders the sheathing self-extinguishing even after 
6 minutes’ application of a hot flame locally. 

(4) Even after 5 minutes’ application of a hot flame 

locally to an unarmoured trailing cable the 
sheathing was not sufficiently well alight to 
prevent it from being blown out by the breath 
without undue exertion. 

(6) The results suggest that the likelihood of a standard 
trailing cable becoming ignited as the result of 
a transient flame is very remote, and that even 


if the sheathing did become ignited the flame 
could be extinguished quite easily without 
having spread. The results further suggest that 
the external flame conditions necessaiy to get 
the cable really well alight are such as would 
arise only if there was already severe conflagra¬ 
tion going on in the mine, in which case any 
secondary effect, resulting from the cable, 
would be relatively unimportant. 

dGenerally the results indicated that standard rubber 
trailing cables have a greater degree of fire resistance 
than might have been expected, and it is evident that, 
from the standpoint of resisting an external source of 
ignition, the present t^qje of cable is satisfactory. 
Naturally, however, the risk of a cable conveying an 
already existent fire would be reduced by the use of a 
fire-resisting sheathing, and further reference to this will 
be made later. 

In addition to the effect of external flame, tests have 
also been made to determine the effect of a core-to-core 
arc. Samples of 0 • 0226-sq. in. 4-core unscreened trailing 
cable were used in these experiments. For the first 
test a sample about 6 ft. long was crushed between steel 
plates about 6 in. square, until core-to-core failure was 
known to have occurred. In passing it may be mentioned 
that a load of some 10 tons was necessary to do this and 
the cable was crushed almost flat. The cable was then 
connected to a 600-volt a.c. supply as described earlier 
in this paper, and a load of 1 cwt. dropped on to 
the damaged portion so as to produce a short-circuit. 
Under these conditions the arc burnt away the conductor 
for 2 to 3 in. and burst the sheathing. The cable Caught 
alight very feebly but was self-extinguished in less than 
30 seconds. In another experiment a sample which had 
been previously damaged by being crushed was con¬ 
nected to a 60-volt d.c. generator and hit violently with 
a sledge hammer, the cable itself lying on a steel plate. 
After considerable mechanical maltreatment, resulting 
in complete bursting of the sheath and severe damage to 
the conductor, it was possible by agitating the cable to 
produce core-to-core arcing, and by maintaining this for 
about 30 seconds to get the cable alight to such a degree 
that it would continue to burn. The main point which 
seemed to emerge from these experiments was the extra¬ 
ordinary severity of the mechanical damage necessary 
to cause the arc to be started. 

The investigation was taken a step further by carrying 
out similar tests on lengths of cable made with standard 
rubber cores and a fire-resisting sheathing. In this case 
the cable burnt while the arc was maintained, but unlike 
the standard type was self-extinguished when the arc 
was broken, without the fire spreading away from the 
immediate vicinity, although the cable had been so badly 
damaged as to give free access of air to the cores. It 
would seem, therefore, that the use of a fire-resisting 
sheathing would be one way of localizing a fire which 
might be initiated as the result of an internal arc. In 
this connection it may be noted that considerable atten¬ 
tion has been given to the production of cables having 
the properties associated with rubber but with improved 
fire resistance, and many types of rubber and rubber- 
like compounds have been produced experimentally both 
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for use as dielectrics and for sheathing. Work on di¬ 
electrics has resulted in the development of a special 
type of dielectric already in use for certain types of 
cables [see Section (2)]. 

One point, however, of especial interest to mining 
works may be mentioned here. The major difficulty so 
far as sheathings are concerned is the fact that hitherto 
fire-resisting properties have been obtained at the expense 
of desirable physical properties, such as tensile strength 
and resistance to tear. As the result of later develop¬ 
ments, it is now possible to produce fire-resisting sheath¬ 
ings which, while not possessing such high tensile streng-fti 
or tear resistance as the standard resilient tough-rubber 
sheathing, may have sufficiently good mechanical proper¬ 
ties to allow of their use for trailing cables used in mines. 

It will perhaps be admitted that the results with 
trailing cables, showing as they do the great difficulty in 
maltreating a cable so badty as to produce an internal arc, 
and the comparative ease with which the flame resulting 
from such an arc is extinguished, indicate clearly that 
the existing standard cables are adequate for their 
service. Consideration, however, of the extent to which 
the normal overload protection used in mines installa¬ 
tions was suitable to clear faults of this kind led to a 
further series of interesting experiments, but under 
conditions which can hardly occur in practice. Most 
certainly there is no record of any such. 

Four sets of samples were made up, as follows:— 

(1) Standard vulcanized-rubber dielectric with standard 

sheath. 

(2) Standard vulcanized-rubber dielectric with fire- 

resisting sheath. 

(3) Fire-resisting dielectric with standard sheath. 

(4) Fire-resisting dielectric with fire-resisting sheath. 

The conductor was 0'0225sq. in., insulated with 
dielectric 0-062 in. thick and having a sheath 0-15 in. 
thick. 

The weak places were spaced every 2 ft, and, as the 
conductor was semi-broken before the dielectric was 
applied, the complete breaks could be made by moving 
the cable and without in any way affecting the dielectric 
or sheathing. This arrangement also allowed the broken 
ends of the conductor to be pressed together and with¬ 
drawn to start and continue the arc. In fact, by the 
use of the comparatively simple apparatus shown in 
Figs. 9 and 10 (Plate 4) the exact position of the cores 
could be varied at will. 

In order to obtain the most severe result, the current 
supply was from a large 600-volt d.c. genei-ator, and 
the current was intentionally maintained at low values, 
so that disruption, if any, should be due to a continual 
arc, rather than a short-duration arc of high current. 
The actual currents applied to the cable were therefore 
4, 10-5 and 20 amp. respectively. 

Three tests were carried out on each type of cable 
under each condition, and the results obtained are 
summarized below. 

(1) In every test at 10-6 amp. and above, and in half 
of the tests at 4 amp,, the sheathing was burst 
by the internal pressure developed from the 
thermal decomposition of the dielectric. This 


became increasingly severe with the higher 
currents, and at 20 amp. the bursting was rela¬ 
tively violent. In a few cases the violence of the 
explosion was sufficient to quench the arc, and 
after the sheath had burst no further action took 
place unless the arc was restarted. This effect 
seemed more liable to occur with the higher 
currents. In many cases the standard sheath 
became ignited within a few seconds of the 
bursting; in most of the other cases the dielectric 
was converted to a carbonized and conducting 
red-hot mass. In some instances this became 
self-ignited, or, if this did not happen, very slight 
movement of the cable was sufficient to restart 
the arc, 

(2) A standard rubber .sheath, whether used in con¬ 

junction with standard vulcanized-rubber or 

, fire-resisting dielectric, could be made to con¬ 
tinue burning relatively easily, but cables using 
a fire-resisting sheath were superior from the 
standpoint of the cable becoming ignited, as 
^ they were self-extinguished after the arc ceased. 

(3) All four constructions tested on these unscreened 

samples allowed flame from the arc to reach the 
atmosphere and thus could have caused a fire 
in a gassy or “ fiery ” mine. 

(4) It is to be noted that the foregoing results were 

obtained with currents less than the normal 
rating, i.e. under conditions where a circuit- 
breaker based on overload would not operate, 
whatever the setting. 

The fact that under some conditions the dielectric was 
converted to a red-hot conducting mass, which sometimes 
became the immediate cause of the cable igniting, sug¬ 
gested that the use of a conducting screen connected to 
a quick-operating earth-leakage device would prevent 
either open sparldng or ignition of the cable. A few 
experiments were therefore put in hand to test this idea. 
In the first place a pre-fonned wire braid was slipped 
over the cable and connected to an earth-leakage trip. 
A 4-amp. arc was struck between the broken conductor 
ends, and the ammetershowed that this current was main¬ 
tained for 1 hour (presumably by the formation of a 
carbonized mass), although definite arcing was not main¬ 
tained, The current was then raised to 8 amp. for 
1|- hours, during which time repeated attempts were made 
to produce some fault by hitting the sample with a 
hammer, but with no visible result, and the earth- 
leakage trip did not operate. On opening-up the cabSe 
it was found that the whole of the dielectric was car¬ 
bonized in the immediate vicinity of the arc and the 
sheathing was also carbonized for the greater part of its 
thickness, but there was stiff about in. thickness of 
sound sheath immediately beneath the screen. In other 
experiments carried out both at 10-5 and 20 amp., the 
sheath beneath the wire-braid screen did not burst, but 
gases were forced along the sample, bunsting the sheathing 
at a point beyond, the screen. These first experiments 
therefore showed that screening was an improvement, 
but it was felt that some of the improvement might> be 
due to mechanical reinforcement, while the cooling effect 
of the relatively large amount of metal braid could not 
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be entirely ignored. Further experiments were therefore 
carried out in which the cable was lapped with tinfoil, 
over which was slipped a tube of vulcanized rubber. In 
the first experiment a 4-amp. arc was struck, and after 
about 6 minutes some smoke appeared and simul¬ 
taneously the leakage trip operated. There was no 
visible sparking. A similar experiment was carried out 
with a 20-amp. arc; the earth-leakage device operated in 
about 30 seconds, and although there was some smoke 
there was no visible ignition of the cable or discharge of 
flame. Had the outer sheath been “ continuous ” it is 
doubtful whether even smoke would have made its 
appearance, and the current would have been cut off 
without any external evidence of a fault. 

From the above experiments it seemed clear that 
screened cables are safer than .unscreened cables from the 
Are standpoint. However, if there is delay in operation 
of the earth-leakage trip it is stiU possible for core-to- 
screen arcing to occur. These conditions would be 
similar to those already described, which have indicated 
that quite small currents of the order of 4 amp. are 
sufficient to cause pronounced arcing and ignition of a 
standard rubber-sheathed cable if allowed to persist for 
even a few seconds. Increase in the intensity of the arc 
within the limits investigated in the present work does 
not seem to be more liable to ignite the cable; in fact 
there are indications that with the higher current density 
the arc is more Uable to be extinguished by the violence 
of the explosion when the sheath bursts. 

The present experiments suggest that any circuit¬ 
breaking device connected to the screen and set to operate 
almost immediately, or at any rate before the outer 
sheathing has burst, should be effective in preventing fire. 

While the Laboratory experiments are probably some¬ 
what fantastic so far as mining practice is concerned, 
they are important in indicating that serious considera¬ 
tion should be given to the use of screened cable and 
earth-leakage protection to give the full possible measure 
of protection. 

In particular, the effects of the arc with even small 
currents are worthy of attention, even admitting that 
the deliberately maintained arcs are most unlikely to 
occur under practical conditions of service. 

(4) A COLD-SETTING JOINT-BOX COMPOUND 

While this new type of compound is not directly 
associated with fire resistance, it has been greatly dis¬ 
cussed in connection with urgent repairs under emergency 
conditions, and as one of its important features is that 
its use does not require heating of any kind, and so is 
particularly safe for gas-laden conditions, it is hoped 
that a note here and an opportunity for discussing it will 
not be out of place. 

Publication or part publication of the properties of the 
compound itself has already been made. In view of 
this, and seeing that the Transmission Section wifi, be 
concerned almost entirely with the operational aspect 
of the material, this note can well be confined to new 
matter, excluding the question of chemical composition 
of the compound. 

The use of a cold-pouring and cold-setting box com¬ 
pound wa:s'ficrst considered some years ago in connection 
with lowwoltage boxes used in collieries and similar 


places where it is inadvisable to use lamps, etc., for 
heating the normal pitch compounds. Although the use 
of such compound has been somewhat limited it is under¬ 
stood that it has been satisfactory for this ty^pe of service. 

For high-voltage work in normal times the standard 
pitch compounds have such extraordinarily good qualities 
that it is hardly necessary to look for alternatives. Prob¬ 
ably their only drawback is the time taken to fill and 
re-top a joint owing to the contraction of the compound 
on cooling, and the need for slow cooling and topping-up 
to avoid cavities. 

^ The present abnormal times, however, and the extreme 
need of jointing cables and putting them into service 
in a very short time, with the additional complication of 
a possible gas-laden atmosphere, called for urgent in¬ 
vestigation of the cold-pouring and cold-setting com¬ 
pound for repairs to high-voltage cable under emergency 
conditions, and it was found that in a suitable box or 
sealing-end it was wholly satisfactory as a sealing 
medium. 

The main operational characteristics of the compound 
are as follows:— 

(1) The setting properties of the compound are brought 

about by the interaction of two materials which 
are mixed only just before it is necessary to 
pour the compound, 

(2) As the compound is fluid until after it is poured, it 

does not require heating in any way before 
pouring. 

(3) The breakdown voltage, although not so high as 

that of pitch compounds, is amply high for 
emergency joints. Actually a reasonable accept¬ 
ance test for the material is 26 kV applied for 
1 minute across the standard ^-in. spheres set at 
a gap of 2 mm. 

(4) The compound does not change in volume to any 

appreciable extent during the setting process, 
and therefore it is not necessary to top-up in 
any way. 

(5) After setting, the melting point of the compound is 

about 65° C. 

The setting time of the compound and the final hard¬ 
ness may be varied within considerable limits by slight 
modification of the two constituents, and while agreeing 
that these properties may well be left to the individual 
firms interested in one or other of the three or more types 
of compound now available, it may be stated that as a 
minimum a compound of this type should not set in less 
than 20 minutes after the start of mixing, this giving time 
for filling the joint, and after 24 hours it should have 
set hard. After this time the compound continues to 
harden for a week or two. A typical case, the figures 
on which are not necessarily applicable to all types of 
this compound, is illustrated in Fig. 11 (Plate 4). 

Out of the very large number of laboratory tests made 
to prove the quality of this compound for this particular 
type of service, one may be quoted. Eleven 3-core 
11-kV joints were inserted in a 260-yard length of cable. 
Four of the joints were filled with standard hot-pouring 
box compounds and the remaining seven with cold-filling 
compound. All joints were subjected to a 3-phase 
voltage test of 33 kV, current heating cycles being applied 
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at intervals throughout the test. After prolonged appli¬ 
cation of the voltage, deterioration of the dielectric of 
the hot-filled joints could be detected. No such deterio¬ 
ration, however, appeared in the cold-filled joints, neither 
did these latter joints show signs of being affected even 
after many hundreds of hours of the treatment. 

To quote another example, a 66-kV temporary emerg¬ 
ency-type joint and terminal were subjected to a step 
test the details of which are given below. 
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increased to a maximum. Joints filled with the new 
compound have also been immersed in water, and after 
many months, with a 500-volt d.c. supply connected to 
the cable cores, no measurable deterioration of the 
insulation has been recorded. 

Cold-filling compound was originally developed for use 
with paper-insulated cables, but tests have been carried 
out which show that the compound is equally satisfactory 
when used with rubber-insulated or vulcanized-bitumen- 
insulated cables.^ Other experiments have shown that a 
joint box can be fiUed whilst the cable is alive. 

Numerous other experiments have been made to 
ascertain the qualities of cold-pouring compounds, such 
as adhesion, etc., and temporary joints were made in one 
of the grid lines operating at 33 kV some months ago 
and have been in continuous operation ever since without 
trouble of any kind. 

•In this particular instance the straight-through 
emergency joints made in 6 hours from start to finish, 
and housed in wooden boxes, were buried direct in the 
ground without other special protection, and the voltage 
•was applied immediately the joints were complete. 
The fact that the joints have for some months withstood 
all reactions of weather, loading, etc., is good practical 
proof of their effectiveness. 

While aU experts wiU probably agree that for the 
great majority of cable-jointing jobs under normal con¬ 
ditions the standard pitch compounds are unsurpassed, 
it is clear that for certain other conditions and some types 
of use the cold-pouring and cold-setting compounds have 
a definite and important field. 


An illustration of the joint tested is given in Fig. 12 
(Plate 4). 

One of the principal requirements of a box compound 
is that it shall effectively exclude moisture from a joint, 
and in the course of the development of the cold-filling 
compound many of the experimental products were 
tested by immersion in water over a period of many 
months in order that the resistance to water might be 
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Mr. H. Nimmo: I am surprised to find that many 
engineers are slow in making use of the recommendations 
drawn up by the Fire Risks Investigating Committee of 
the Electricity Commission. For example, a short time 
ago I was looking at the back of a switchboard where the 
main cables were covered with one layer of asbestos tape, 
and the control cables, which ran parallel to the main 
cables and quite close to them, were not covered at all. 
The Fire Risks Committee recommended that the control 
cables should be given the same degree of protection as 
the main cables. 

Section (1) of the paper is headed " The Fireproofing of 
Main Cables in Power Stations.” Does this title cover 
the control cables as well ? I think it is really more im¬ 
portant to protect the control cables than to protect the 
main cables; because if the control cables are properly 
protected there is a good chance that the protective gear 
will come into operation and save the situation. 

In the same Section of the paper the author states that 
he favours the use of moulded asbestos for fireproofing 


purposes. It would be interesting to know whether 
gypsum, which seems to have very good heat-resisting 
qualities, has been tried for this purpose. Last year I 
attended a test conducted under the auspices of the 
National Fire Brigades Association, on a 3-in. partition 
wall made of gypsum blocks. A number of gas-fires were 
playing on the enclosed side of the wall, while the other 
side was exposed to the atmosphere. The test lasted for 
1 hour, and the result showed that such a wall would 
withstand a maximum temperature of 927“ C. On the 
side exposed to the atmosphere the temperature did not 
exceed 130° F. 

On page 522 the author makes the assumption that the 
main problem to be faced, so far as cables are concerned, 
arises from extraneous fires due to the flow of burning oil; 
but I would recall that in the Bradford disaster there was 
no conclusive evidence that any oil reached the basement 
of the station. Burning cables slipped through the 
switchroom floor into the basement and set fire to others, 
which reduced the whole cable system there to 30 tons 
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of scrap copper and 9 tons of lead. The cables were 
carried on brackets fitted underneath the ceiling of the 
basement where there was free access of air. It was 
observed that those cables which were taken down to a 
trench in the floor of the basement were not burned at 
all to an average height of 6 in. from the floor. Above 
this level the whole of the insulation and lead had been 
burnt off. The conclusion I have drawn is that cables 
with good air circulation will bum freely but cables on a 
or on the floor will not burn unless burning oil or 
bitumen is there. It would be interesting to have the 
author’s views on these points. ^ 

I notice that the rubber-insulated fire-resisting and 
self-extinguishing cables described in Section (2) are 
restricted to the sizes and types of cable normally used 
in ordinary wiring work. It'would be valuable if the 
same principles could be applied to lead-covered paper- 
insulated cable. It was estimated that had the cables 
in the Bradford station basement been self-extinguishing, 
70 per cent of the total Bradford supply would have been 
restored the day after the fixe, instead of only 16 per cent. 
It took 8 days to restore the complete supply. ^ • 

The investigations described in Section (3) are mainly 
of interest to mining engineers: but in view of the vulner¬ 
ability of lead-covered paper-insulated cables it might be 
advisable to use mining-type cables in generating-station 
basements. I am impressed by the statement that steel 
armouring provides a substantial degree of fire-resisting 
qualities; how does it compare with steel-tape armouring 
in this respect ? 

Mr. J. A. B. Horsley: Following the explosion and 
fire at Gresford colliery in 1934, when some 265 lives were 
lost, mining engineers became seriously alarmed about the 
subject of fire risks in general. In particular, some of 
them were afraid that electrical cables might carry a fire, 
once started, throughout the length of the roadway. 

The following figures relating to fires which have 
occuaed in mines in this country are of interest. During 
the 20 years from 1919 to 1938, 1 675 fires were reported, 
most of them of no serious consequence. Of that number 
84 were attributed to electricity, 868 to spontaneous 
combustion and 723 to various other causes, including a 
number due to mechanical friction in haulage gear and 
conveyor machinery. An analysis of the electrical fires 
shows that 26 involved flexible cables, 28 armoured cables 
and 8 other types of conductors (single-core unarmoured 
cables used as interconnections, etc.). 

There are to-day in this country more than 1 200 000 
h.p. of electric motors below ground, and about 10 000 
electrical coal-cutting machines and electrically driven 
conveyors are in use. Associated with these coal-cutting 
machines and conveyors there are some 1 000 000 yd. of 
the flexible cable with which the paper is concerned. 

Fractured cores have been the cause of several fires 
in flexible trailing cables. In some cases one conductor 
was broken while the trailing cable was in use, and the 
arc due to load current ultimately set the cable on fire. 
There have been several instances where a coiled-down 
flexible cable has been set on fire by the arc due to an 
electrical defect and the flame spreading upwards has 
destroyed the whole coil. • 

The screened flexible cable adopted in mines as a 
safeguard against shock requires for the completion of 


that safeguard the use of reasonably sensitive leakage pro¬ 
tection. I am interested to learn that the author’s 
experiments have convinced him that the screen increases 
the fire-resisting power of the cable. Of the total of 
26 electrical fires involving flexible cables, in 7 instances 
screened cables were in use. 

With regard to armoured cable, I submit that for shafts 
double-wire armouring is essential and that in roadways 
it is always to be preferred. 

I am particularly interested in the cold-setting joint- 
bpx compound, because the use of hot compound presents 
difflculties in a mine. There is first the question of 
distance; secondly, the impossibility of heating the com¬ 
pound on the spot; and thirdly, the great difficulty of 
ensuring that the boxes into which the compound is 
poured are in a proper condition to receive it, as regards 
the surface deposit of moisture. 

Mr. S. R. Siviour: In stating that very little serious 
consideration was given to this problem before 1937, the 
author apparently has in mind the more comprehensive 
consideration of the problem—that is, relating to plant 
and apparatus. I would remind him that some under¬ 
takings did a fair amount of detailed work on cables 
2-3 years before 1937, including work on one of the types 
mentioned in this paper. 

The split-moulded asbestos protection to which the 
paper calls attention seems to offer effective service but 
is not adaptable to those cases where the runs are not 
straight, ■<> 

The author refers on page 522 to a method of fire 
protection which is particularly suitable for existing 
installations, and I should like to explain how this has 
been applied by the Yorkshire Electric Power Go. We 
protect the cables with two layers of 2 in. x ^ in. asbestos 
tape, and then apply a waterproof silica paint to fill any 
interstices and give the tape a hard and smooth finish. 
The tape extends well into the mouth of the conduit. It 
is essential that the asbestos tape and silica paint should 
be free from alkalis harmful to the lead sheath. This 
type of protection was subjected to a severe test some 
2 years ago when a fire broke out and about 40 gallons of 
oil were released on the bursting of a switch tank. The 
cables were enveloped in flames for a period of 20 minutes, 
but afterwards when we stripped the tapes off the lead 
sheath we found it was not even discoloured. 

The chief use of the manufactured type of protective 
cable mentioned in the paper is for long runs in cable base¬ 
ments and tunnels. In these cases the runs are never 
straight and there would be difficulty in applying the 
external form of tubular shield, which in addition would 
be very costly. There would be a wide field of use for an 
economical manufactured type of protected cable. In 
order to use such cable for terminating into substations 
it would be necessary to insert a joint outside, which 
would be costly. 

I notice that most of the tests referred to in the paper 
consist of on and off periods of 15 to 30 sec. ; but longer 
tests, of 20-30 min., are necessary to simulate the condi¬ 
tions which occur when the fire is spread over a greater 
area. 

Dr. P. Dimsheath: I should like to place on record 
the fact that the contents of this paper represent only a 
small fraction of the work which has been carried out by 
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the members of the C.M.A. in investigating this very 
important question. For instance, the author has not 
been able to deal with the fundamental question of laying 
down a standard test for comparing the results of the 
experiments which have been carried out. That work in 
itself brought to light many interesting phenomena, such 
as the vital effect which a slight draught has on the 
inflammability of a cable whose fire resistance one is try¬ 
ing to determine; also the difference between cables 
tested in a vertical position and in a horizontal position. 
These and other similar questions had to be cleared up 
quite early in the investigation. • 

It might be worth while asking ourselves why it is 
that when we take a number of very inflammable 
materials and combine them into a cable, the cable 
itself is nothing like so inflammable as its constituent 
parts. I think the an.swer lies principally in the fact that 
the cylindrical form of the cables does not offer a very 
big surface to the air. This view is supported by the 
evidence of Mr. Nimmo that the spread of the Bradford 
fire was fa,voui-ed by the existence of a number of cables 
with no barriei's between. Thus we see that the disposi¬ 
tion of the cables is an important practical question. * 
Another factor is the ease with which the heat is carried 
away longitudinally by the metallic components of the 
cable. The transmission of heat along the conductor 
and armouring holds down the maximum temperature at 
the point where the burning is taking place, and so 
prevents volatilization of the organic material. 

As regards the rubber cables referred to in tire paper, 
the inclusion in the rubber mix of mineral ingredients not 
only reduces the amount of volatile material there, but 
also increases the thermal conductivity, and so again 
facilitates the cooling of the cables. 

In explaining one of his slides the author mentioned 
the danger of inflammable material (e.g. rubber,_ paint, 
compound) dropping froni the cable on to other inflam¬ 
mable material which may be lying beneath, and so 
spreading the fire along the cable. This difficulty has 
been largely overcome by the adoption of the special fire- 
resisting compound. 

The paper refers almost entirely, as regards rubber 
ca.bles, to the use of one synthetic material, but before 
this material was adopted as standard many expeiiments 
had been made with a number of other materials. 
Although many had excellent properties they were dis¬ 
carded for various reasons in favour of tlie one type. 

Even now, finality cannot be claimed, and cable makers 
will naturally continue to explore for a long time to come 
the vaiious new alternatives as they become available. 

Mr. F. H. Sharpe: I propose to confine my remarks 
chiefly to Section (1) of the paper. 

The disastrous event preceding the issue of the recom¬ 
mendations of the Electricity Commission immediately 
led to an unfortunate swing of the pendulum, and I saw 
fearsome apparitions in the many stations into which my 
duties take me. Where cables had not taken on a 
mummified appearance from their swathes of asbastos 
tapes they were entombed in various mixtures, mostly 
containing asbestos. These might, in many cases, be 
described as death masks because the majority of cement- 
asbestos mixtures would shatter under intense heat. 
Asbestos materials are costly and the exi^enditure must 


have been considerable; some of the monej^ might have 
been better spent in other ways, e.g. reaiTanging cable 
routes and the provision of fire-fighting equipment. 

This argument also applies to new work—the various 
fire protective materials, including armouring (with the 
helpful effect of which I agree), increase cost considerably, 
both directly and indirectly, by reducing current capacity. 
Sound layout and segregation with fire-fighting equip¬ 
ment commends itself more to me, except that protection 
is necessary immeciiately adjacent to the switchgear with 
its oil risk, me large plant capacity in use to-day 
introduces severe cabling problems, and we can ill afford 
a 20 per cent reduction in rating. Are the split tubes 
filled with air, compound or sand ? In practice they 
cannot be maintained in close contact witli the lead. 

My experience of otyinary waterproofing is that 
initially it affords quite a measure of protection to the 
lead—in fact, -until the volatile gases have been driven 
out of the bituminous compounds in -fche tapes. After 
that the gases and the dripping compound feeds the fire. 
The type of finish suggested on page 622 should prove 
more attractive than the normal waterproof covering if 
{a) it does not cost much more, (jb) it is not materially less 
waterproof, (c) it does not materially reduce the cunent 
capacity, {d) it does not contain highly volatile bitu¬ 
minous compounds. Can the cable industry to-day meet 
these conditions ? 

It is not always easy to make a clear-cut decision 
between indoor and outdoor work. A universal covering 
is wanted, particularly for the most difficult case of cables 
laid on posts along railways, which are subject to fire 
risk but also require adequate waterproofing. 

Some particulars of tests made in an attempt to 
reproduce a cable fire on such a route may be of interest. 
After a number of fires had been made and extiagiiished, 
with interesting results, a thermite bomb was ignited 
between the battens supporting the bottom two cables 
of a total of five, all of which were similarly run on con¬ 
crete posts with cement-asbestos sun-screens. There was 
a short and vicious fire, which went out of its own accord 
1 minute later. We presumed the bitumen bad pre¬ 
viously been consumed, and we had already proved that 
the battens themselves were not easily set on fire. The 
test was repeated on a section wliicli still had plenty of 
free compound in the waterproofing: a good fire resulted. 
Our general conclusions from these and the several 
preceding tests were; (1) Care must be taken to avoid an 
arrangement of cables and supports which may give a 
chimney effect. (2) An ordinary gxass fixe does not 
readily set fire to such a cable installation unless them is 
inflammable rubbish about, or excess waterproofing 
compound has exuded on to the battens, grass and any 
rubbish which may be at hand, (3) Battens themselves 
do not constitute a severe risk, but may act torch fashion. 
(4) The immediate vicinity of the cables .should be cleared 
of grass and rubbish (which collects there because of the 
wind) and treated with weed-killer, which is quite cheap 
and effective. (5) The waterproofing must be of a type 
which is not readily fired and which is free from volatile 
gases that, once fired, instantaneously turn a smouldering 
hessian into a flaming torch. Is there such a waterproof¬ 
ing tape available at a reasonable price ? 

Dealing with other detail points in the paper, I endorse 
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the warning against the use of sand. It collects oil, which 
in turn soaks into hessians and is generally rather messy, 
apart from reducing thermal rating in a congested cable 
trench. Where chippings are used, care should be taken 
to rake them up at intervals so as to prevent packing. 

Having some experience of mineral-insulated cables, 
mentioned in Section (2), I admit that one tends at first 
to cling to the more easily handled rubber cables. There 
is, however, nothing very fearsome in the technique 
of the use of the mineral-insulated cable; unquestionably 
it is the ideal fire-resisting cable, and* has surprising 
mechanical strength. Consequently it should be used at 
least for emergency lighting or communication circuits, 
for main tripping d.c. supply mains, and other services 
falling in this category. 

Is any information yet available about the cost of 
synthetic rubbers ? Their qualities are most attractive. 

I am glad that in Section (3) the author makes an 
important point in relation to all fixe questions—that the 
supply of electrical energy should be cut ofi as soon as 
possible. Earth-leakage relays for work underground 
sound very attractive in this connection. 

Mr. G. O. Watson: I am disappointed that the author 
does not devote more space to fires in ships and in build¬ 
ings. We have been fairly free from major fires in ships, 
probably because of the care which we take in installing 
our cables. Nevertheless, there is a number of small fires 
which do not, perhaps, always come to the notice of the 
public. To take the electrical installation of a typical 
luxury liner accommodating 1 300 people (including the 
crew), the generating plant will be of about 3 000 kW, 
and there may be over 400 miles of cable, 20 000 lamps, 
400 motors, 660 fans and 5 000 fuses. All that equip¬ 
ment is confined to perhaps 600 ft. length of hull, and to 
utilize so much power in such a confined space requires a 
multiplicity of small cables in groups or bunches, and this 
constitutes a serious fire risk. 

The “ Rules for Electric Propelling Machinery and 
Rules for Electrical Equipment,” issued by Lloyd's 
Register of Shipping, do not allow the use of tough- 
rubber-sheathed cables, as they mean the presence of a 
large amount of inflammable material. Fires can start 
in these cables by arcing across exposed ends, by fuses 
falling out of their clips, and by overheating of socket- 
outlets. 

Arising from Dr. Dunsheath’s remarks on the trans¬ 
mission of heat by cable conductors, we find that if a 
fixe breaks out on one side of a fireproof bulkhead the heat 
is conducted through to the other side, where it often 
starts another fire. Therefore, in all large ships such as 
the* ” Queen Elizabeth ” and the " Queen Mary,” we 
take special care that where cables pass through a fire¬ 
proof bulkhead a box construction is built round the 
cables and filled with heat-insulating material. This 
retains the heat in such a way that the outer surface of 
the box is kept cool. 

It is rather disappointing that the author does not say 
what tests are being applied to the cables mentioned in 
Section (2) to demonstrate their fire-resisting qualities. 
These cables are necessarily of lower insulation resistance 
than the ones we used in the early days. The values of 
2 600 or 600 megohms which were common then were 
attained by using a large amount of pure rubber, and this 


has since been found to be undesirable. It would be 
interesting to have a comparison between the insulation 
resistance of these fire-resisting cables and that of the 
cables which are at present in use. Have any mechanical 
or ageing tests been carried out on these new rubber 
cables to show whether they will last as long as the 
present standard types ? 

The few tests described in the paper seem to me to be 
of the wrong type. Most of the author’s illustrations 
show the cable in a horizontal position, whereas a vertical 
cable is more likely to spread the fire once it is well alight. 
According to the description on page 626 of tests on 
flexible cables, these were laid on a concrete bench; surely 
this would tend to keep the cables cool and prevent the 
air getting to them. Another test which could be applied 
is to pass an overload current of 6-10 times the normal 
current and thus fire the cable from inside. My experi¬ 
ence of " fireproof ” cables has been that if the conductor 
is overheated in this way the outer covering prevents 
escape of the volatile gases and tlien the cable suddenly 
bursts. 

Mr. E. G. Cawte: Two conflicting factors enter into 
the problem of the protection of cables against fire by 
covering them with asbestos or other material. On the 
one hand a high thermal conductivity is required so that 
the cable does not heat up, and on the other a low con¬ 
ductivity seems to be necessary to prevent the heat 
reaching the cable through fire. These requirements are 
not really incompatible. As far as the generation of heat 
within the cable is concerned, when the steady state is 
reached all the heat that is produced in the cable is lost 
from it to the air. On the other hand, heat applied 
from outside cannot escape once it has got into the cable, 
and it is only a matter of time before the whole cable 
reaches the external temperature. Where, as in this case, 
time enters into the problem, the determining factor is 
the diffusivity, i.e. the thermal conductivity divided by 
the thermal capacity. Now asbestos, in the form used for 
the protection of cables, has a moderate conductivity and 
also a fairly high thermal capacity; consequently it gives 
a long protection time without overheating the cable. 
Chemical change—decomposition—can absorb heat and 
thereby delay its passage through the material. Asbestos, 
in common with most materials used for fire-protection 
purposes, undergoes some degree of decomposition on 
strong heating, but this does not materially affect its 
mechanical strength. 

Mr. Nimmo referred to a test in which one side of a 
gypsum wall was strongly heated for 1 hour, in which time 
its other surface only reached 130° F. This result was 
what might be expected, but it would be a mistake to 
infer that it would apply to cable protection, as the two 
cases differ fundamentally, 

Mr. B. Donkin; Section (2) of the paper describes 
the development of synthetic insulating materials having 
characteristics similar to those of rubber insulation but 
having self-extin^ishing properties. The author states 
that the S 3 mthetic material whose electric strength is 
comparable with that of rubber has such a low insulation 
resistance that it cannot be used alone as an insulating 
material for general wiring work. The insulation resist¬ 
ance of the complete wiring installation is almost entirely 
dependent on the number of cable terminations and 
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terminal points, the quality of the insulating material 
being a relatively unimportant factor. Therefore, unless 
the use of a material having low insulation resistance 
increases the surface leakage across the ends of the in sula- 
tion out of all proportion, self-extinguishing and fire- 
resisting properties could, and I think should, be achieved 
at the expense of a reduced insulation resistance. 

In common with some other speakers I should have 
liked to see more of the author’s tests carried out with 
cables arranged vertically, as this is the most usual 
arrangement of cables leading to switchgear and trans¬ 
formers in generating station s and substations. The da?a 
obtained in these laboratory experiments are interesting 
because they agree very closely with the results of a fire 
which occurred about 3 years ago in an important 33-kV 
switch station in the N.W. England area. The failure 
of a 33-kV switch caused large quantities of burning 
switch oil to spread over the floor of the switch-house. 
The explosion resulting from the s^vitch failure blew out 
most of the doors and windows, and hence there was 
plenty of oxygen available to feed the fire. This was 
extinguished, however, as soon as the portable fire¬ 
fighting equipment had been brought effectively into use. 
In the substation connected with the switchgear there 
was a number of 33-kV single-core cables, some of which 
had the usual waterproof serving over the lead sheath. 
After the fire had been put out it was found that in the 
case of four of the cables whose sheaths were bare the 
sheaths had been melted in places, exposing the paper 
insulation; whereas the cables with the usual waterproof 
serving consisting of impregnated hessian had not been 
damaged at all. This shows the excellent heat-insulating 
properties of comparatively thin layers of the usual water¬ 
proof serving. No great advantage is to be gained by 
providing a large amount of heat insulation such as would 
withstand a high temperature for a considerable period, 
because a fire of that nature would in all probability 
destroy both the switchgear and the building. In the 
past it has been common practice to strip off the water¬ 
proof serving of the cable where it runs inside the build¬ 
ing; this was probably done for two reasons—firstly, that 
of appearance, and secondly, with the idea of reducing 
the fire risk. But the author’s experiments and the 
experience to which I have just referred show that water¬ 
proof serving should be left on, but that steps should be 
taken to make this serving as fire-resisting as possible 
without appreciably increasing either its thickness or 
its cost. 

Section (4) of the paper deals with the cold-setting 
joint-box compound. In the construction of these 
temporary joints the cold compound is used both as an 
insulating material and as a means of sealing the joint 
so as to exclude moisture. I should be glad if the author 
would say whether when the cable's maximum tempera¬ 
ture is reached, and if the compound is liquefied, there 
is risk of failure of the joint at this point. 

Mr. W. B. G. Bonsey: I wish to speak about Section 
(2) of this paper, and in particular with reference to cables 
having mineral insulation, 

I am surprised that when discussing fire-resisting cables 
the author does not deal in detail with the one type of 
cable which is completely immune from fire risk; the 
reasons given for not doing so, being that such cables 
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require special attention in respect of sealing the cable 
ends and that they tend to be rigid, which makes the 
installation of the cable difficult. The manufacturers of 
such cables are able to state that a period of 2-3 hours’ 
instruction only is required in order to guarantee a perfect 
installation by the average electrician. While on this 
point I should like to say that no cable failure would be 
experienced even if the cables were unsealed when in¬ 
stalled. No carbonization or tracking takes place should 
leakage currents pass through the mineral insulation. 

Referring to Mr. Watson’s remarks, it is interesting to 
recall that fires experienced by the French marine 
authorities led to the initial development of mineral- 
insulated cables in that country. 

Mineral-insulated cables survived a fire which took 
place recently at a factoryin Leeds. The fire was caused 
by the overheating of a boiler flue, which caused a timber 
rqpf to ignite. The cables were tested after the fire by 
officials of the Leeds Corporation Electricity Department, 
who found no circuit of the installation with an insulation- 
resistance test less than 100 megohms. The only damage 
J:o the cable which occurred during this fire was caused by 
falling debris, which broke an insulating ferrule. 

In conclusion, I would remark that although objections 
are raised in connection with the installation of mineral- 
insulated cables, the sacrifice of 2 hours of an electrician’s 
time in acquiring knowledge of the characteristics and 
installation details of this t 3 T'e of cable is surely worth 
while when the use of a truly fire-resisting cable is 
essential, and such a cable is available. 

Mr. W. S. Lovely: There is just one point to which I 
should like to refer, namely the nature of the fireproof 
serving which is applied to cables. 

Cotton tape is recommended as an overall serving to 
improve the finish of the cable, but from a number of 
tests in which I have been interested I have come to the 
conclusion that such cotton tape serves a much more 
important purpose. I have found that the close texture 
of cotton tape is the determining factor in the success 
or failure of such serving. If one uses normal open 
hessian, impregnated, the hessian can never be very well 
impregnated and rapidly bums away, leaving little piles 
of fireproof compound in the interstices. A closely woven 
cotton tape does not show this feature, and stands up to 
fire conditions for very much longer than hessian. 

My experience, like that of many others, is that cables 
are not in themselves fire generators. Cable fires occur 
when compound is dripping from them, and generally not 
until then. 

I prefer the moulded tubular to the tape type of firfe- 
resisting installation. Tubular material, if it is assembled 
with only one joint (which should be a long vertical one, 
uncemented and wire bound), is quickly removed, and 
with such an installation one can get to know the state of 
the cable much more quickly than if one has to umvind a 
lot of taping. Tubing should be held-together by a wire 
bond which has a melting temperature higher than any 
that is likely to be encountered in service. 

Mr. S. W. Melsom (in reply ): Regarding the points 
raised by Mr, Nimmo; first, the control cables should, 
of course, be protected as are other cables, and if the 
control cables are of small diameter comparatively simple 
methods can be used to give a large measure of protection. 
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The alternative to moulded asbestos should, as far as 
I can judge, be well worthy of further investigation. 
The evidence as to fire-resistance is complete, but it 
would be interesting to Imow the thermal resistivity of 
the material. 

As to the difficulty evidenced by the Bradford fire, 
there seems to be little doubt that, if any one of the 
methods of protection outlined here had been used, the 
cables would not have caught alight and so helped to 

spread the fire. ^ 

Regarding the suggestion that rubber-insulated and 
fire-resisting self-extinguishing cables might be used in 
preference to paper-insulated cable, it is to be expected 
that the use of these cables for incoming leads from the 
main cables to the switchgear, etc., 'will be fully con¬ 
sidered both from the pomt of .view of cost and also as 
regards degree of immunity from fire. At the moment 
it looks as though the protected papef-insulated cabje 
will hold the field. 

The possible interaction between mining practice and 
power-station installation is interesting. Wlip steel- 
tape armouring will undoubtedly provide a fair degree^ 
of resistance to fire, it is unlikely that it will be nearly 
so good in this respect as steel-wire armouring. 

Mr. Horsley’s remarks are invaluable in consideration 
of a paper of this kind. The flexible trailing cables used 
in mines are nearly the most difficult cables to design if 
they are to have a long life under the prevailing conditions 
of service, but it is hoped that the intensive development 
work which was going on immediately prior to the war 
will result in a distinct improvement. Mr. Horsley men¬ 
tions the coiled-down cable, a particularly difficult con¬ 
dition which apparently has to be met in coal-mining 
practice. The current rating of the cable is, of course, 
based on the free-air condition, and when, as often 
happens, a large proportion of the cable is coiled-down, 
the coiled-down section is bound to become overheated. 

I agree with Mr. Siviour that quite a fair amount of 
work had been done before 1937 on the fireproofing of 
cables. This work was done in collaboration with various 
engin eers, of whom Mr. Siviour was one, and resulted in the 
evolution of one of the methods mentioned in the paper. 

The manufacture of the special type of protected cable 
mentioned naturally creates difficulties, since this type 
of cable would not be suitable for laying direct in the 
ground owing to the fact that the normal protective 
compounds are omitted. Therefore, it might be neces¬ 
sary to have a joint immediately inside the substation, 
which might be considered undesirable. Just one point, 
however, regarding these long runs in cable tunnels: 
surely quite a fair degree of fire resistance could be 
obtained if the tunnels could be shut off. 

Replying to the point as to the period of the fire- 
resistance tests, these particular tests were made on small 
cable, and a period of from 15 to 20 sec. was probably 
the most severe condition. I agree that for large cables 
the period should be longer. 

Replying to Mr. Sharpe, cables having the type of 
finish suggested on page 522 are intended for indoor 
service and would not be suitable for laying direct in 
the ground. It is, of course, unfortunate that the ideal 
materials for providing protection against water and 
soil-corrosion burn freely, and that, so far, a material that 


would give complete protection against both corrosion 
and fire has not been found. 

Mr. Watson draws special attention to the importance 
of ships, and one cannot fail to agree with him. It is to 
be hoped that the new type of fire-resisting cables will 
be especially useful in ships’ installations, particularly 
where a multiplicity of small wires has to be installed in 
a confined space. In fact, it is hoped in the near future 
to submit these cables for the rigid tests and the formal 
approval which is necessary before they can be used on 
ships. It is somewhat surprising to learn that the fire¬ 
proof bulkheads in ships do not wholly prevent the 
transmission of fire from one bulkhead to another, and 
it is at least likely that, if these new types of cables were 
adopted, the special precautions at present necessary 
would not be required. 

On the question of the method of testing the fire- 
resisting qualities of these cables, raised by both Mr. 
Watson and Mr. Donkin, the great majority of the illus¬ 
trations of the test methods refer to mining cables where, 
in order to simulate service conditions properly, the 
cables were laid horizontally. Fig. 1, however, does 
refer to a vertical run of the fire-resisting cable, and 
shows on the right-hand side an ordinary rubber core and 
on the left-hand side a fire-resisting core. All the tests 
of the fire-resisting cables were made with the cables in 
a vertical position, and the tests were devised so as to 
be of the most extreme nature possible. 

As to the values of insulation resistance, the values for 
the new dielectric are about one-third of those obtained 
with standard vulcanized-rubber cables. Even so, thi.s 
amount is so high that it would not affect the total 
insulation resistance of a circuit comprising a number of 
switch and other points. 

Both mechanical and ageing tests have been carried 
out on the fire-resisting rubber cables; in fact, all sorts 
of tests have been carried out during the last 3 or 4 years 
on these cables with results which have invariably been 
comparable with, or better than, those for standaird 
rubber cables, with tire possible exception of the value 
of insulation resistance. The additional test suggested 
by Mr. Watson of heavy overload current through the 
conductor, with the possibility of firing the cable from 
the inside, will be made. I have little doubt as to the 
result, but in a matter of this kind it is essential to prove 
everything by suitable tests. 

Mr. Donkin discusses the question of insulation resi.s- 
tance, and I am wholly in agreement with him. At one 
period a measurement of insulation resistance was 
practically the only criterion of cable quality—in fact, 
cables were graded on the basis of their value of insula¬ 
tion resistance on the assumption that the higher value 
meant a better cable—and tradition dies hard. 

As mentioned in the reply to Mr, Watson, the insula¬ 
tion resistance of these cables is very much lower than 
that of standard cables. Possibly a better result from 
the point of view of fire resistance might have been 
obtained had the whole of the dielectric consisted of 
fire-resisting compound, but there is little doubt that this 
would have resulted in such a low value that it might 
have been an important factor in the case of a large 
installation. Mr. Donkin’s experience showing the value 
of the fire-resisting serving is most interesting. I have no 
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doubt he will agree that, if this fire-resisting serving had 
been served with a special cement to render it wholly 
non-inflammable, the result would have been even better. 

In reply to Mr. Donkin’s question as to the temperature 
limitations with cold-pouring compound, the joint box is 
usually cooler than the cable run, and generally it is 
expected that the compound will be suitable for cables 
operated up to their noimal maximum temperature. 

I am sure that Mr. Bonsey has dealt with the question 
of mineral-insulated cables very much better than I could 
have done. These cables undoubtedly have a useful, if 


limited, field. While I have no first-hand experience on 
the question of leaving the ends of this type of cable un¬ 
sealed, I am doubtful as to the accuracy of Blr. Bonsey’s 
statement. In my opinion, if the ends were left unsealed 
permanently or for any considerable time, the moisture 
from an atmosphere having a humidity such as is 
normal in this country would result in an intolerably 
low insulation resistance. 

Mr. Lovely mentions the question of cotton tape as 
compared with ,the more open-texture hessian tape; this 
is an interesting point, which will be further investigated. 


DISCUSSION ON 

“FIRE-FIGHTING EQUIPMENT FOR ELECTRICAL INSTALLATIONS”* 

EAST MIDLAND SUB-CENTRE, AT XOUGHBOROUGH, 9TH APRIL, 1940 


Mr. B. C. Bayley: Of all classes of fires the ones 
which are most dreaded in the electrical industry are 
those in which oil is involved; the rapidity with which 
they spread, and more particularly the amount of black 
smoke which is given off, render control with portable 
appliances, such as the COg type, very difficult, if not 
impossible. 

Engineers responsible for expensive electrical plant, 
such as large transformers and h.v. switchgear, when 
deciding the medium to be used for giving protection 
from fire hazards must weigh the balance between damage 
to the plant by the extinguishing agent and damage by 
fire. In recent installations for which I have been 
responsible the layout and construction of the buildings 
were such that a gaseous medium was ruled out on 
account of the ventilation provided for normal running, 
and the risk that in the event of an explosion unforeseen 
damage might be done to the building, which might result 
in the gas plant becoming ineffective. Foam installa¬ 
tions need very careful designing, and the after-effects 
of foam deposit are difficult to deal with, delaying the 
restoration of supply. For the average installation, 
either indoor or outdoor, the thu'd medium—water—-is 
the most suitable, for in the event of explosion and 
damage to the building it is the least likely to be put 
out of action. I am thinking of the fixed system which, 
on coming into action, bombards the oil with an emulsify¬ 
ing spray evenly distributed and discharged at high 
velocity from specially designed nozzles. This system 
must not be confused with the ordinary type of sprinkler 
installation, which would merely tend to spread the fire. 

I am somewhat disappointed that the paper does not 
include any data on switchgear protection. I _ have 
recently been responsible for installing this emulsifying 
system over ironclad-type h.v. switchgear, and in order 
to minimize the risk of the complete switchboard being 
put out of action the installation was sectionalized, a 
group of projectors being connected to each control, 

* Official communication from the British Electrical and Allied Industries 
Research Association {see Journal I.E.E., 1939, 85, p. 719). 


in the hope that if the fire could be localized only a 
section of the installation would come into operation. 
To eliminate risk of water leakage from the fittings or pipe 
joints, it is advisable to avoid placing them over the 
electrical gear. Where this has been incompatible with 
proper protection, we have introduced air under pressure 
into the pipe-line so that no water can reach the gear 
unless a control operates. 

There is another very important aspect of the present 
situation to which we have given careful thought, and 
that is whether with such fire-fighting equipment in¬ 
stalled over indoor-type apparatus, which is not water¬ 
tight, if a bomb were dropped in the vicinity from hostile 
aircraft the shock or blast would cause a control to 
operate. As the manufacturers are not prepared to 
express a definite opinion on this point, we decided to 
take the precaution in some cases of making the in¬ 
stallation semi-automatic by closing subsidiary hand 
valves, the installation being so arranged that in the 
event of a fire a visual and oral alarm would be given, 
and the attendant would then use his discretion as to 
whether to open the water valves. This arrangement 
applies to regularly attended substations. 

I realize that there are two schools of thought on this 
point and that each case must be considered on its merits, 
but if a fire-fighting installation such as I have described 
were to come into operation other than owing to a fir^e, it 
might result in a long shutdown as compared with the 
little extra damage that a fire might cause on account 
of a short delay in opening the valves. 

Mr. J. A. Broughall: Fixed apparatus for the auto¬ 
matic protection of transformers being costly, it is 
evident that whilst it may be worth while to install it 
for the protection of each transformer, it will rarely be 
worth while to do so on small transformers. The cost 
of the apparatus, although not independent of the size 
of the transformer which it is protecting, appears to 
be only slightly less when the transformer is small. 

As regards small transformers the better’plan appears 
to be to spend some part of the money that might have 
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been spent on fixed fire-fighting apparatus, on the trans¬ 
former and the switchgear protecting it, and thereby 
practically elimmate the risk of fire. Under present 
conditions this procedure ignores the possibility of the 
transformer being set alight by incendiary bombs, but 
this is a special aspect of the matter which does not fall 
immediately within the purview of the paper. 

The authors attach a good deal of importance to the 
correct positioning of the proposed dwarf wall around 
a transformer. It appears to be well ^orth while to 
confine the oil by means of such a wall, and the advantage 
of doing so is one which can be secured at a relatively low 
cost. The position of the wall appears to be of some 
importance, and the views of the E.R.A. on this subject 
would be welcomed. The wall cannot of course be 
arranged to collect with certainty oil spurting from a 
tube, and from this point of view it is fortunate that the 
protection necessary for A.R.P. reasons Involves a high 
wall. 

As usual, a compromise solution has to be adopted in 
each individual case, taking into account the relative 
cost of the transformer and of the protective equipment, 
the likelihood of fire developing, and the loss of revenue 
and damage to adjacent equipment if it should do so. 

Mr. B. Nuttall : My experience has been largely con¬ 
fined to the fixed automatic Mulsifyre system. This 
system uses water projected at a high velocity so that it 
impinges on the surface of the oil in the form of a dense 
mist. In one case of which I know, a large outdoor power 
transformer and surrounding property were saved from 
serious damage by the prompt operation of this appara¬ 
tus, the fire being automatically extinguished long before 
the arrival of the fire brigade: moreover, owing to the 
cleansing action of the jets and the drainage arrange¬ 
ments provided, practically no cleaning-down was re¬ 
quired. When the installation was designed, the use of 
a dwarf wall was considered but this idea was discarded 
in favour of high walls on three sides, for the following 
reasons: [a] The station was close to a public highway. 
{&) This arrangement gives the maximum protection to 
adjacent transformers, bearing in mind that fires of this 
nature are usually preceded by an internal explosion, 
(c) This arrangement gives the maximum protection 
against bomb splinters, [d] This arrangement gives 
support to the cables and, incidentally, to the detector 
and projector pipework of the fire-fighting apparatus. 

The water pressure of the town’s ma.i-n has to be 
approximately 60 lb. per sq. in. in order that a minimum 
pressure of 501b. per sq. in. may be available at the 
projectors, to ensure complete quenching of the fire. 
This is borne out by the author’s experiments. It is not 
uncommon to find the town’s pressure below this figure 
especially on rising ground. In such a case this system 
becomes expensive, for it is then necessary to provide 
an automatic booster pump with suction tank or, alter¬ 
natively, a pressure storage tank, with hand-controlled 
motor-driven pump. 

^ For outdoor use the detector S37-stem is pumped with 
ah at about 25-301b. per sq. in., usually once a week, 
the water only being released from the double-acting 
valve in the “ frostproof ” control house when the air 
pressure has been released automatically or by hand for 
testing purposes. 


I should like to ask the authors what chemical change 
(if any) takes place as a result of contact of COg with 
burning oil, especially when the COg is applied indoors. 
It seems to me that the COg together with air will be 
swept upwards in a hot state towards the ceiling, and may 
liberate free oxygen, which together with hydrogen and 
methane liberated by the oil, may produce an explosive 
mixture with the prospect of a secondary explosion. 

It was evident from the E.R.A. film that methyl- 
bromide vapour has a high density, and I understand 
th^t for fire-fighting purposes methyl bromide is ejected 
in liquid form under a pressure of nitrogen. I am in¬ 
terested in the use of methyl bromide for dealing with a 
fire in a confined space, such as a cable trench, where 
the man operating the extinguisher has to get down to 
floor level and is subject to the toxic effects of the methyl 
bromide. How long could one stay in such an atmo¬ 
sphere without experiencing harmful effects ? 

I do not think the paper stresses sufficiently the danger 
due to the spreading of blazing oil. The E.R.A. film 
showed that it is a relatively easy matter to extinguish 
• blazing oil in a container, where the surface in contact 
with the air is small compared wdth the total volume of 
oil involved. I noticed that at one stage during the 
experiments the blazing oil spilled over the dwarf walls 
and was extremely difficult to extinguish. The lesson 
to be learned in practice is that one should take every 
possible measure to prevent the flow of oil, i.e. restrict 
the available surface to a minimum and ensure that all 
cables are fireproof-covered and that trenches within the 
building are isolated one from another. 

Mr. Bayley discussed the precautions he is taking in 
coimection with the water system of protection for use 
in the event of an air raid. Under such conditions I 
should prefer to leave the equipment on automatic pro¬ 
tection, and, should the nature of the load or size of 
. the plant justify further precautionary steps, I should 
advise a pressure storage tank to guard against drop 
in pressure of the town's main, which would be heavily 
drawn upon by the various Corporation and private 
A.R.P. organizations. 

I should like to ask the authors' opinion of the effect 
of COg or methyl bromide on various metals. Would 
these fire-fighting media be dangerous in a paint factory? 

Mention of the cost of automatic fire-fighting equip¬ 
ment has been made in the discussion; the cost of the 
Mulsifyre system for protecting two outdoor 12 600-kVA 
11/33-kV power transformers is approximately 3 % of 
the total cost of plant and foundations, in those cases 
where the direct pressure of the town’s main is adequate. 

Mr. R. E. Eberhardie; It is sometimes stated that 
if an iriert gas is used for fire-fighting it is necessary that 
the building should be gastight. This statement is mis¬ 
leading.^ In actual practice the officer responsible for 
submittmg the COg protection scheme would take note 
of the windows, doors and other apertures in the building, 
and, where necessary, provide for louvres and automatic 
methods of closing the necessary doors. This would not 
interfere with the ventilation during normal operation. 

With regard to the provision of water sprinklers, which 
it has been suggested is the ideal method of protecting 
electrical plant; as was shown during the demonstration, 
a 3-in, pipe is insufficient to maintain an adequate supply 
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of water for the sprinkler system as well as the “ back¬ 
up.” When considering w'ater protection an engineer 
must therefore take cognizance of the certainty of main¬ 
tenance of pressure, the certainty of continuity of supply, 
and the probable effect of severe weather. 

Mr. Nuttall referred to the question of the danger of 
explosion due to COg, and the possibility of flame acting 
upon the COg to form fresh lethal gases; COg is an 
extremely stable chemical compound, and we have no 
evidence that any chemical decomposition takes place 
under the conditions in which it is applied to fire-fighting. 
Moreover, the gas is discharged at freezing temperature, 
and will therefore tend to cool rapidly the molecules of 
vapours and solids it comes into contact with. 

There is considerable misapprehension regarding ex¬ 
plosions which have occurred in switches. These can 
be attributed to the expansion of oil gases given off by 
the oil within the switch itself. 

There is also a considerable amount of misunderstand¬ 
ing with regard to the toxic effects of COg. The toxicity 
of a substance is its propensity for causing changes in 
the blood-count, and the blood structure. COg causes 
no change in the blood-count, and is non-toxic. The 
only danger to be apprehended from COg is due to the 
fact that it excludes oxygen. If a person has been over¬ 
come by COg all that is necessary is to place him in the 
open air as soon as possible. So far from being toxic, 
CO 2 is a respiratory stimulant, and it is common hospital 
practice to administer COg with oxygen. 

I have heard it suggested that the automatic applica¬ 
tion of a protective system should be delayed until an 
audible alarm has been sounded. This suggestion is 
likely to prove dangerous. In a recent switch fire an 
explosion occurred inside a switch, causing a spread of 
oil. The COg system instantly functioned and extin¬ 
guished the fire, but there was ample evidence that the 
initial flame was fairly widespread, and had the applica¬ 
tion of the extinguishing medium been delayed there 
would have most probably been a very serious fire. 

Mr. G. Eyre: Regarding the E.R.A. tests utilizing 
water as the fire-fighting medium I regret that no mention 
is made in the paper of emulsification in relation to oil 
fires, although if the recommended minimum pressure 
of 60 lb. per sq. in, at the highest nozzle were employed 
emulsification would be the natural result with efficiently 
designed nozzles. 

It is interesting to note that whilst atomized water 
may deal with certain fires it is an essential feature of 
the fire protection system that it should emulsify the 
oil, to be sure of dealing with fires of the fiercest type. 

The temporary emulsion formed by the discharge of 
powerful broken streams of water is of the " oil in water ” 
type, and is formed by the impact of the high-velocity 
w'ater breaking up the oil into tiny globules and en¬ 
veloping each oil globule in a seal of water. Under this 
condition the gases cannot escape from the oil to the 
atmosphere to burn, and “ flash-back ” or re-ignition 
cannot occur. 

Mr. J. Kennedy: I was interested in Mr. Bayley’s 
remarks in regard to the layout and construction of new 
substations. In planning new construction there is 
every opportunity to reduce and to localize fire risks, and 
advantage should be taken of this fact. 


I cannot accept Mr. Bayley’s conclusion that water is 
the best fire-fighting medium for indoor risks. The tests 
described in the paper prove that under automatic 
conditions methyl bromide and COg can be used satis¬ 
factorily not only on indoor risks but on outdoor ones 
also. Mr. Bayley revealed liis own misgivings that 
damage to installed gear, from accidental cause or even 
from a nearby bomb explosion, might occur through 
accidental discha:jge of the water-type protective gear. 
Installation of either of the gas systems would have 
avoided this risk, since they are incapable of damaging 
electrical gear. 

I am completely in agreement with Mr. Nuttall and 
other speakers that automatic operation of fire pro¬ 
tection gear is essential if fire is to be extinguished 
before it can cause much damage, and I believe that 
to-day most electrical engineers take this view. I feel, 
^ 00 , that the Extinguishing gear ought to be entirely 
independent and that if water-type gear is used the 
necessary pressure tanks and pumps should be installed 
to obviate the risk of water-main failure. 

The ideal dwarf wall should be several feet higher 
than the transformer, and should cover it on three sides. 
The E.R.A. film showed that the fires obtained in the 
tests on the gas systems were much less extensive than 
those which occurred in the tests with other systems, 
and this, in my opinion, was due in no small degree to 
the screening erected in connection with these tests. 

I would inform Mr. Nuttall that the density of methyl 
bromide vapour is 3|' times that of air, and nitrogen 
is added to raise the total cylinder pressure to 50 lb. per 
sq. in. Methyl bromide vapour has an actual pressure 
of some 26 lb. per sq. in. As to portable methyl-bromide 
apparatus for cable tunnels, and the question of risk to 
the operators, I can only say that we supply portable 
units containing 72 lb. (net) of methyl bromide—we 
only used 120 lb. to extinguish the outdoor transformer 
fire—and that these units are used without mask or 
breathing apparatus, without harm [to the users. The 
cable-gallery fire shown in the E.R.A. film was actually 
extinguished with a methyl-bromide portable unit. 
Nevertheless, every precaution should be taken in dealing 
with underground fires, from the point of view of possible 
toxic fumes both from the methyl bromide and from 
burning rubber and equipment. It is therefore very 
difficult to indicate any safe limit for time of exposure. 
We have records for exposure to raw methyl bromide 
extending to 1| hours in a concentration initially of 
the order of 74 %, this concentration being gradually 
reduced by the ventilation natural to the engine room in 
which the discharge took place. Nevertheless, I would 
not recommend prolonged exposure, and for practical 
purposes would prefer to set a limit of 3-4 minutes. 
Fires extinguished by methyl bromide do not normally 
produce fumes having any appreciable effect on metals, 
nor do paint or cellulose fires so extinguished generate 
noticeably toxic fumes. 

Mr. Eberhardie stated that COg is not toxic—^that it 
can only cause death by suffocation "and- that small 
quantities of COg can be used for resuscitation purposes. 
This is, of course, true; but it is equally true that strych¬ 
nine in small doses is a tonic, while large doses are not 
infrequently fatal. 
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Messrs. J. Hacking and R. A. McMahon [in reply ): 

General 

A number of speakers at this Centre have raised ques¬ 
tions of a similar nature to those raised in one or other of 
the other Centres, and in as far as such questions have 
already been dealt with in the main reply no further reply 
will be made here. In the same way the questions of 
interest that have been raised by Mr. Nuttall have been 
answered by Mr. Eberhardie and Mr. !ECenned 3 ^ 

Water 

Mr. Bayley raises the question of possible operation, of 
■controls of automatic w'ater installations by mechanical 
shocks due to bombs, and the consequeht risk of affecting 
supplies if the apparatus protected is not of the outdoor 
tj'pe. This risk is certainly present. It can be dealt with 
in the way proposed by Mr. Bayley, and* in an attended 
station there would not appear to be much risk in relying 
on subsidiary hand valves. On the other hand, we do 
know of cases in which subsidiary hand valves have been 
incorrectly operated, with unfortunate results. In view 
of the advantages of rapid action, we should prefer to 
see fully automatic operation with cut-outs only on gas 


systems where necessary to protect maintenance staff. 
Mr. Bayley’s difficulty is primarily because he is en¬ 
visaging the application of water to gear which will suSer 
damage by water. There would appear in this case to 
be a strong argument in favour of an alternative form of 
protection. 

Walls 

Mr. Broughall refers to the question of design of walls. 
We agree that it is not possible to design dw^arf wurlls 
which will prevent jets of oil under pressure being ejected 
over the wall. They can only deal with oil which falls in 
the immediate neighbourhood of the transformer. The 
possibility of oil jets can only be dealt with by having 
very high walls, and it is necessaiy to consider each case- 
on its merits. For instance, if a transformer were in the 
middle of a field with nothing near, walls would be unne¬ 
cessary and one would even be inclined to omit anj’’ fixed 
fire-fighting installation, as in any case the chances are 
that a complete rewind would be necessary. On the 
other hand, even a small transformer placed close to other 
important gear would inquire a scheme which would 
prevent burning oil from it reaching other gear and 
causing further fires. 
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SUMMARY 

The paper describes a quantitative investigation into the 
subject of the noise emitted by transformers, and possible 
naeasures for its limitation. Permissible noise-levels for dif¬ 
ferent situations are discussed and data for residential districts 
given. The generation of transformer noise is considered. 
Methods for limiting noise, applicable to a transformer as a 
unit, are discussed, and results obtained with one based on the 
interception of vibration transmitted from core to tank are 
given. Methods applicable externally to a transformer are 
also discussed. The electromagnetic, thermal and economic 
considerations which arise in the employment of the various 
methods are discussed and examples are given. 
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(1) INTRODUCTION 

The standardization of alternating-current power dis¬ 
tribution in Great Britain has brought into prominence 
the question of the noise emitted by ti'ansformers. Not 
only is the use of transformers now more widespread 
than formerly, but the size of unit required in distribution 
has increased. Further, for the sake of economy in 
distribution, transformers are placed as nearly as is 
practicable to the centre of gravity of the load. The 
need for supplying a domestic load frequently leads to the 
instaUation of transformers in districts or locations where 
quietness may reasonably be demanded, especially during 

* Metropolitan-Vickers Electrical Company, Ltd. 


night hours. It is clearly desirable that complaints of 
excessive noise from transformers, possibly followed by 
legal proceedings, should be anticipated and adequate 
steps taken to avoid them rather than that the need for 
abating the noise of transHformers already installed should 
arise. In many cases within the authors' experience, the 
qped for noise-abatement measures with existing installa¬ 
tions has arisen owing to its not having been realized that 
the conditions were such that complaint was probable. 
Hence it is important that the noise aspect of a trans¬ 
former installation should be considered in the planning 
stage and not be dealt with as an afterthought. It is then 
often possible to embody the necessary measures without 
undue difficulty. It is generally appreciated that an 
engineering problem requires a solution which is not only 
technically practicable but which is also economically 
satisfactor 5 r. With so complex a subject as noise limita¬ 
tion, an analytical approach is advisable if unsuccessful or 
uneconomic results are to be avoided. Not only should 
the principal factors entering into the problem be fully 
appreciated but their quantitative effect on the final 
result should be capable of prediction within reasonable 
limits. It does not follow that because a certain measure 
or device is effective under one set of conditions it will 
be effective, or even relevant, under another set of con¬ 
ditions. Although the present paper deals specifically 
with transformer noise, many of the questions discussed 
are relevant to noise from engineering plant and appa¬ 
ratus in general. 

Three principal elements are present in noise-limitation 
problems, namely the source of noise, the hearer, and the 
sound attenuation between source and hearer. The 
acoustic output of a transformer (the word " transformer ” 
includes oil,, tank and other fittings) is dependent on a 
number of electromagnetic and mechanical factors which 
are intimately bound up with, and generally dictated by, 
the design of the apparatus as an efficient transformer of 
electrical energy. It is seldom possible to vary electoo- 
magnetic or mechanical features from the point of view 
of noise limitation without meeting important restrictions 
related to efficiency and cost and, in some circumstances, 
thermal dissipation. The attenuation between source 
and hearer depends, in the case of purely air-borne noise, 
on the acoustical properties of the building (if any) in 
which the hearer is located, on distance, on any obstruc¬ 
tions present in the sound field, and on the degree of 
enclosure of the source. Besides acoustical considera¬ 
tions, the latter may raise important questions of thermal 
dissipation, and various points of installation practice 
and cost. Hence the problem of noise limitation in 
relation to engineering plant is many-sided and cannot 
usefully be envisaged simply as a matter of acoustics. 
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It is only by viewing the problem in all its aspects that 
the various alternative solutions can be envisaged and 
appraised and hence the most suitable chosen. 

Discussion of the relative merits of schemes for the 
limitation or abatement of transformer or other noise is 
not infrequently obscured by vagueness as to the amount 
of abatement visualized or claimed. Small reductions in 
noise, e.g. 5 or 10 phons, are sometimes useful in border¬ 
line cases; but in other cases, to segure freedom from 
complaint with a margin, reductions of 20 phons or more 
are required. It is with the latter order of abatement 
that the present paper is mainly concerned. 

(2) CONDITIONS GIVING CAUSE FOR 
COMPLAINT • 

It is generally accepted that .the loudness of a noise is 
the best measure of its undesirability which is at present 
available. The conception of degrees of " nuisance " qr 
“ annoyance ” and the possibility of their quantitative 
assessment has sometimes been suggested. Some investi¬ 
gators of this interesting and somewhat intangible 
question have considered that their experiments demon- , 
strate a distinction between loudness and “ nuisance.” 
Other investigators have not felt able to. draw such a 
distinction. The opinion is sometimes expressed that 
high-pitched sounds are more distracting than low- 
pitched sounds of the same order of loudness, and it may 
be that a distinction between loudness and " nuisance ” 
exists only for noises containing important high-frequency 
components. With transformer noise the loudest com¬ 
ponent rarely exceeds 400c./s., and components of 
higher frequency than 800 c./s. are usually unimportant. 
Although the general question of the relation between 
loudness and “ nuisance ” must remain open until it has 
been thoroughly explored, experience shows that loudness 
forms an adequate basis for the solution of practical noise 
problems. For this reason the British Standards Institu¬ 
tion adopted in 1936 a unit of equivalent loudness, the 
phon,* which has since been adopted internationally. 
Briefly, the phon enables steady noises of all types to be 
expressed in terms of a common standard or reference 
tone of 1 000 c./s. The E.L.f of a noise is numerically 
equal to the intensity level of the reference tone which to 
a representative group of observers sounds as loud as the 
noise, certain stipulated conditions being observed. The 
phon constitutes the primary standard to which the per¬ 
formance of the portable noise-meters required for 
ordinary purposes is referred. The experimental realiza¬ 
tion of the phon$ requires the rigorous methods and 
adey^uate resources appropriate to a fundamental stan¬ 
dard, and is not a matter which the user of noise-meters 
need ordinarily consider in detail. It is important, how¬ 
ever, that he should satisfy himself that broad claims 
that particular meters are capable of measuring noise in 
general in phons are supported by specific evidence, which 
covers the types of noise he desires to measure. Some 
investigators have used what are termed '' sound level 
meters ” to the indications of which the term ” phon " is 
applicable only when the noise consists substantially of a 
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single tone. With transformer noise these instruments 
may read as much as 15 phons low, which may explain 
the low values sometunes quoted for quite normal 
transformers. 

It is now recognized that the question of whether a 
sound is to be regarded as a noise or not is decided on 
subjective and not on physical grounds. Hence noise is 
defined as ” sound which is undesired by the recipient.”* 
Many instances occur in which a given sound may be said 
to be pleasing to a listener and, without contradiction, an 
oiriectionable noise to an involuntary hearer. It may 
saiely be assumed that, except for technical purposes, the 
sound of a transformer is always undesired. In general, 
objection to noise of any kind arises because the loudness 
is sufficient to cause interference with the hearing of 
desired sounds or simply because it gives rise to distrac¬ 
tion or discomfort. A discussion of the psychological 
aspects of noise would be out of place in the present paper, 
and the influence of the foregoing considerations can be 
briefly illustrated by examples. 

Take first the rather extreme case of a large engineering 
shop devoted to heavy machining, fitting, and erecting 
operations. During working hours the general noise-level 
may seldom fall below 85 phons. Hammering on sheet 
metal, or other specially noisy operations, may cause 
peaks of 100 phons or more. The most obvious objection 
to such noise is interference with conversation. Under 
normal conditions conversation is carried out at a level of 
about 60 phons. If one sound is 20 phons louder than 
another, the former may entirely mask the latter, leading, 
in the present example, to shouting if speech is to be 
heard even a short distance away. Interference with 
telephone conversation can, of course, be eliminated by 
suitable measures. A level of 85 phons is certainly 
disagreeable and inimical to connected thought, but 
evidence that its distracting influence imposes a serious 
strain with ordinary manufacturing operations is scanty. 
A transformer of not more than, say, 2 000 kVA operating 
under such conditions would be incapable of causing a 
nuisance, as it would be quite inaudible, except at very 
close quarters. 

In a general office, the usual causes of noise, such as 
the shuffling of papers, telephoning, conversation, type¬ 
writing, walking about, sometimes result in a noise level 
tfiat makes connected thinking difficult. While the level 
may not always be sufficient to interfere with telephone 
or ordinary conversation, speech in noisy surroundings 
has a cumulative effect, since each person tends to raise 
his voice in order to be heard. Hence, apart from the 
exclusion of external noise, steps are often taken to limit 
the internal level in offices by the removal of noisy office 
machinery, by providing a large amount of acoustical 
absbrption, or by other means. Without attempting to 
lay down a standard, a level of 60 phons appears to be as 
great as is advisable for an ordinary office. In certain 
cases a lower figure would be advisable, e.g. in rooms 
accommodating persons engaged on work requiring con¬ 
siderable mental concentration. Transformers may be 
installed in the basements of ofifices, public libraries, or 
schools. The possibility of the room noise-level due to a 
transformer reaching a value of, say, 50 phons then re¬ 
quires attention. 
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The most exacting conditions arise with places intended 
for relaxation rather than work. Quiet may be legiti¬ 
mately demanded in flats, dwelling houses and the 
grounds attached to them, the sleeping quarters of hotels, 
and in hospitals. The occupant is normally in a receptive 
condition, i.e. unprotected by the partial or complete 
insensibility to noise which concentration on a task tends 
to give. A tolerable noise-level is far below that which 
would cause interference with conversation or the hearing 
of broadcast speech or music. It is a question of a com¬ 
fortable level, i.e. one that does not disturb rather than 
one permitting sufflcient intelligibility. The obtrusi\^- 
ness of a given source of noise depends considerably upon 
whether any other noise is present, i.e. upon what is 
usually termed the background noise-level. It is only 
under special circumstances that complete silence, or zero 
background-level, can be experienced. Thus in a sound¬ 
proof chamber of a laboratory, a noise of 10 phons is 
plainly audible to persons of normal hearing, and indeed 
can be measured by aural comparison. But such feeble 
sounds can rarely be heard under ordinary circumstances 
because they would be masked by the background level, 
which is rarely less than 10 phons and usually more. The 
completeness with which one sound masks another 
depends upon the relative frequencies of the sounds, 
i.e. upon their pitch or, in the case of complex sounds, on 
their relative compositions. But it may be assumed that, 
apart from extreme cases, where the sounds differ 
radically in composition, a noise of a given level will be 
almost completely masked by one of 20 phons higher level. 
Even a preponderance of 10 phons will greatly diminish 
the obtrusiveness of the quieter noise. So it is evident 
that the disturbing effect of the noise of a given trans¬ 
former will be greatly dependent on the background level 
in the location in question. Some values observed on 
domestic premises in residential districts are given in 
Table 1. They are based on four cases. The levels were 
found to vary considerably during a given period, on 
different days and on different premises, so that only the 
range of approximately sustained levels can be given, 
together with the maximum momentary values. 

Thus very low background levels are sometimes 
reached. Experience in a number of cases of trans¬ 
former noise in quiet residential districts indicates that 
complaint is liable to arise if the level immediately out¬ 
side a house much exceeds 40 phons. This will generally 
correspond to about 30 to 36 phons within a room in 
the house, the windows being open, and it is seen from 
Table I (No. 2) that this order of level may be no more 
than that already present in the room. 

In considering these figures, we must not overlook the 
curious psychological factors which may sometimes be 
met with in cases of complaint. A person’s estimation 
of or attitude to a noise is influenced by what he is 
accustomed to and is also liable to depend considerably on 
whether he himself or someone else is responsible for the 
noise. Again, in investigating a complaint that sleep at 
night is impossible owing to the hum of a neighbouring 
transformer, it may be necessary to remove a loudly tick¬ 
ing clock before the transformer noise reaching the bed¬ 
room can be heard or measured. 

The E.L. (equivalent loudness) values of transformer 
noise to be given were measured by two types of meter, 
VoL. 87. 


namely a 2-telephone subjective meter described in a 
previous paper,* employing in most cases a group of 
10 .observers, and an objective meter of a new type not 
yet described. Where both methods were used satis¬ 
factory agreement was obtained. Most of the measure¬ 
ments were made in a highly lagged room, giving 
free-space conditions and zero background noise-level. 
The E.L. of the noise of a transformer is stated as 
the mean of readings at several positions round the 
transformer, the distance being 1 m. from the nearest 
point. It is usually found that at no position does the 
E.L. differ from the mean by more than 2 or 3 phons. 
The measurements are made at a height approximately 
equal to half the height of the transformer. The varia¬ 
tion of E.L. with height is normally very small. 


Table 1 


• 

No. 

Location 

Time 

Windows 

Sustained 

range 

Occasional 

momentary 

value 

1 

Living room 

Day 


phons 

10-40 

phons 

75 

2 

Bedroom 

Night 

Open 

20-36 

55 

3 

Bedroom 

Night 

Closed 

5-20 

40 

4 

Garden 

Day 


25-60 

70 

5 

Garden 

Night 


10-45 

70 


(3) THE GENERATION OF NOISE IN 
TRANSFORMERS 

Transformer noise arises from audio-frequency \dbra- 
tions of the core and coils, which, in the case of " dry 
type ” units, radiate sound waves of corresponding fre¬ 
quency and amplitude. With oil-immersed transformers, 
the vibrations are transmitted through the oil and tank 
walls before being radiated as sound. The vibrations 
originate mainly in the core. Under load, the passage of 
current through the windings sets them in vibration. If 
the load-current wave-form is substantially sinusoidal, 
these vibrations will be of double the frequency of the 
current, namely 100 c./s. in the case of a 50-cycle trans¬ 
former. However, experience does not suggest that the 
noise of power transformers varies appreciably with load. 
A test was carried out on a 60-kVA distribution trans¬ 
former with the secondary winding short-circuited. 
With full load current passing through the windings and 
zero background noise, the transformer was inaudible. 
By means of data available from a research on the forces 
acting on transformer windings under short-circuit con¬ 
ditions, the approximate amplitude of dilatation of the 
outer coils of a 2 000-kVA core-type transformer was 
estimated for full-load current. It was found that the 
amplitude was such as to produce an intensity level which 
at 100 c./s. approximates to threshold intensity. Even 
if a large transformer under full-load current short-circuit 
conditions produced an audible sound, such sound would 
be completely masked when the core was excited. It is 
possible for a heavy-current lead in close proximity to the 
tank side to set up audible vibration, but too-small 
spacing has usually to be avoided for heating reasons. 
Hence, in general, only core vibration need be considered. 

Core vibration arises principally from the magnetostric- 

* B. G. Churcher and A. J. King; JourmlI,E.E., 1937, 81, p. 57. 

35 
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tion effect in the core material.* The magnetizing of a 
strip of sheet steel causes a minute increase in length or 
extension, with a corresponding reduction in cross-section. 
The extension partly or wholly disappears when the 
magnetizing field is removed, and is independent of the 


c./s. at a maximum flux-density of 10 600 lines per cmr 
extending to 1 400 c./sec. a±B,,yiax =14 800. Each com¬ 
ponent contributes to the noise experienced by a hearer, 
but not, of course, in direct proportion to the E.L. values. 
The largest component is seen to occur at 300 c./s. at 



direction of magnetization. Hence in a transformer core 
there is a minute deformation at each half-cycle of 
magnetization, so that in a 50-cycle transformer the core 
surfaces pulsate at a fundamental frequency of 100 c./s. 

Fig. 1 illustrates the order of magnitude of the magneto¬ 
striction effect in-4 % silicon steel. It will be seen that 
during a cycle of magnetization the extension per unit 
length (SZ/Z) is not proportional to B and that a pro¬ 
nounced hysteresis effect or time-lag exists between B 
and SZ/Z. Hence, even though the w'ave form of the 
applied voltage and therefore the core flux be sinusoidal, 
the variation of extension during a cycle is far from 
sinusoidal, i.e. m addition to the fundamental frequency 
of 100 c./s. there are pronounced harmonics, both odd 
and even multiples of 100. The noise emitted is therefore 
pomplex in character, as will be shoAvn. It will also be 
seen that the extension per unit length is exceedingly 
small, being of the order of 10“® in. per inch length of core 
for a maximum flux density {B) of 10 000. However, the 
length of the core of a transformer of a few hundred kVA 
is sufficient to cause an undesirably loud noise owing to 
the very small amplitude required to produce appreciable 
sound. The latter point may be illustrated by a simple 
example. Suppose a surface of area 100 sq. in. vibrates 
sinusoidally and uniformly with an amplitude of 
0-^001 in. at 300 c./s.: then at 1 m. distance the E.L. 
will be approximately 70 phons. 

The sound spectrum from the simplest possible form of 
core, a smgle ring punching magnetized by a conductor 
located at the centre, is given in Table 2. It is seen that 
components of appreciable magnitude exist up to 1 100 

* This view was confirmed in 1934 by the authors’ noise measurements 
and analyses on ring cores and magnetostriction measurements on strip 
specimens. In 1936 Dr. Swaffield, at University Coiiege, London, showed, 
in a confidential report, by means of noise anaiysis- and direct magnetostric¬ 
tion measurements, that the noise from a long ring core could be wholly 
accounted for by magnetostriction. According to .Swaffield and Alexander 
{Beama Journal, October, 19.37), magnetostriction hysteresis was fully 
established by 19,31. Fig. 1, which is inserted as being of general interest, 
was obtained on a strip specimen after Dr. Swaffield had obtained a similar 
loop on a ring core. The authors’ work on the effect of clamping and joints 
in ring and normal transformer cores, tlie effect of form factor and other 
matters dealt with under (.3), was carried out between 1930 and 1935. 


the lower and 500 c./s. at the higher density. In a 
normal transformer the sound .spectrum, is modified by 
several factors, such as the use of unequal densities in leg 
and yoke of the core, the presence of joints, the con.straint 
imposed by the particular type of core construction used, 
and the elastic properties of the tank, especially if in the 
latter natural modes of vibration are present the fre¬ 
quencies of which are close to 100 c./s. or multiples of it. 

Comparative tests on ring cores in air with and without 
interleaved joints and rectangular cores with joints show 
a considerably greater noise-level for the latter for similar 
conditions of cross-section, grade of steel, and flux density. 

Table 2 


SoOND Analysis of Noise from Single Ring Punching 
OF 4 % Si Steel Magnetized by Central Current. 
Frequency of Applied Voltage, 50 c./sec. 


Frequency of 
component 
(c./sec.) 

Equivalent loudness of component at distance 

1 m. (phons) 

- 10 500 

= 14 800 

100 

0 • 6 

9-5 

200 

fl-0 

16-0 

300 

36-5 

50 • 5 

400 

28-0 

40 ■ 5 

600 

26-5 

52*5 ' 

600 

14-5 

32-0 

700 

I9'5 

33-0 

800 

18-5 

32-0 

900 

16'6 

■ 22-0 

1 000 

13-O 

19-6. 

MOO 

18-0 

25-5 

1 200 


24-0 

1 300 


18.'5 

1 400 


21*6 
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This appears to be due to the smaller rigidity of the 
rectangular jointed core and to forces on the laminations 
at the joints where the flux crosses from one lamniation 
to another, in addition to the magnetostrictive forces. 

A matter which may he noted here is the influence of 
supply wave-form on noise. We have seen that even with 
a sinusoidal flux wave-form the wave form of the mag¬ 
netostrictive extension, and hence the sound pressure 
wave, contains harmonics. In general, a distortion of the 
flux wave, due to the application of a distorted voltage- 
wave to a transformer, is to be expected to lead to a 
further generation of harmonics in the sound wave ^nd 
an increase in E.L. A test was carried out on a ring core 
of 4 % Si steel in which the applied-voltage wave form 
was varied by inserting resistance in the circuit. It was 
found that when the form factor was increased from Til 
(.sine wave) to 1 • 18 the E.L.increased from 36 to 48 phons. 
It does not follow that these figures would be applicable 
to normal transformers, but it illustrates the importance 
of known wave-form conditions in measuring transformer 
noise if the E.L. values are to be on a definite basis. 
Tests on other grades of steel showed an increase of noise 
with form, factor. 

The effect of a departure from normal frequency on the 
E.L. of a transformer will be very dependent on whether 
any of the natural modes of vibration of the core and tank 
as a whole approach 100 c./s. or multiples of it. If such 
is the case, the E.L. may increase or decrease with fre¬ 
quency. Fortunately, in practice there is generally no 
difficulty ill ensuring that the frequency is very close to 
the nominal value. 

(4) METHODS OF NOISE LIMITATION 
APPLICABLE TO A TRANSFORMER AS A UNIT 

(a) General 

We may conveniently consider noise-limitation methods 
under two general headings: first, those in which the noise 
is limited by the design of the transformer or by the 
incorporation of noise-suppressing devices forming part of 
the transformer as a unit; and secondly, those in which 
the noise is limited by devices external to and separate 
from the transformer. As previously stated, we are 
primarily concerned with methods capable of effecting 
a reduction in noise level of 20 phons or more, i.e. those 
which would effect a radical improvement in case of 
actual or potential complaint. It may be helpful to note 
that the ratio of the loudness, as experienced by a normal 
observer, as between 70 phons and 50 phons is approxi¬ 
mately 4-8 to 1. To effect a reduction of 20 phons 
requfres a reduction of the acoustic energy to approxi¬ 
mately one-hundredth, and of the acoustic pressure to 
one-tenth, of its original value. 

(b) Choice of Core Material 

A direct and fundamental method of limiting trans¬ 
former noise would be to choose core material having a 
low magnetostrictive effect. Three grades of silicon steel 
in general use show the magnetostriction values given in 
Table 3. The specimens were cut along the rolling direc¬ 
tion of the sheet. 

To estimate the relative noise-levels for the different 
steels would require a somewhat lengthy calculation, pos¬ 


tulating a simple type of core, such as a ling core, and from 
the shape of the magnetostriction curve deducing the 
relative amplitudes of the harmonics produced when the 
core is excited at a given flux density and frequency. 
However, since the radiated acoustic pressure is pro¬ 
portional to amplitude for a given frequency and since 
we are looking for differences of 10 to 1 or more, the dif¬ 
ferences are too small to promise any appreciable 


• Table 3 

Magnetostriction Effect with Different 
Grades of Steel Sheets 


Grade of steel*(% Si)» 

Hjl X 

10« 

Jimax ~ 

^inax " ■ 000 

• 0-2 

0-9 

L4 , 

1-5 

0-75 

2*5 

4-0 (transformer 
steel) 

1-3 

1 

2-8 


advantage. Some noise tests on these three materials, 
using ring cores where magnetostriction would be the 
only cause of noise, gave the results shown in Table 4. 

As the cores are of similar dimensions and mechanical 
properties the results confirm the conclusion drawn from 
the magnetostriction values, that within the range of 
normally-used sheet steels the noise level is not appre¬ 
ciably affected by the grade of steel. 

It has been found* that steel containing larger per¬ 
centages of silicon has a smaller magnetostriction effect, 
the magnetostriction having a very low value for 6 % to 
6| % Si. Noise measurements on ring cores of 4 % and 
0 % Si steel of identical dimensions, carried out by the 
authors over a range of flux densities, gave rather higher 
noise-levels for the 6 % than for the 4 % steel. How¬ 
ever, the comparison may not be conclusive, owing to the 
critical dependence of magnetostriction on silicon content 

Table 4 

Effect of Grade of Steel on Noise Level. (Ring 
Cores 15 in. outside diam., 9 in. inside diam., 
2 IN. axial length, = 10 400, frequency 

= 50 C./SEC.) 


Grade of steel (% Si) 

Phons at distance 1 xn. 

0-2 

39 

1-5 

36 

4-0 

36 


between 6% and 6-6%. Analysis showed the actual 
silicon content to be 6 -1 %. The extreme brittleness of 
such material is a serious obstacle to its practical employ¬ 
ment. Also, while some advantage in respect of reduced 
core-loss is to be expected from the increased percent¬ 
age of silicon, the extra cost would only be justified if 
associated with a substantial reduction of noise. 

* British Patent No. 480235—193S. 
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It has long been known that Permalloy (21-6 % Fe, 
78-5 % Ni) has, for a certain steady flux density, 
sensibly zero magnetostriction. However, its cost and 
the fact that it is saturated at a density of the order of 
jS = 11 000 clearly preclude its use for power-transformer 
construction. 

Thus at present a solution of the noise problem by 
choice of core material seems hardly practicable, but with 
the development of new materials the .position may be 
altered. ^ 

(c) Core Construction 

Most power transformers now constructed by the Arm 
with which the authors are associated are of the " core 
type ” with interleaved joints, so that except where other¬ 
wise stated this type is assumed in the present discussion. 

Experience in the construction of large numbers of 
cores has brought out the importance, frojn the point of 
view-of noise, of careful interleaving and of adequately* 
distributed clamping pressure, provided by sufficiently 
extensive and stiff end-plates, so that no appreciable 
length of core is left undamped. It has not been found 
that the use of exceptionally large pressures leads to an 
appreciable reduction in noise. This is to be expected 
since, in so far as the noise is due to magnetostriction, 
the legs or yoke of the core will extend as a whole with 

Table 5 


Effect of Tightening Core Bolts on Noise (100 kVA, 
3-phase core, = 10 400, frequency == 60 c./s.). 


Clamping condition 

Phons 

Core bolts “ thumb tight ” 

51 

Core well clamped by 3 turns of nuts .. 

52 

Core very tightly clamped (3 additional 


turns) .. .. 

50 


each alternation of flux, so that lateral pressure will not 
appreciably affect the extension. This was confirmed by 
a test (see Table 5) on a 100-kVA core in air. 

Some experiments were then carried out to ascertain 
whether a much more complete consolidation of a core, 
such as might be obtained by cementing the punchings 
together over their whole surface by some strongly 
adhesive material, would have appreciable effect. A 
baking coil varnish was used. A coat of varnish was 
applied to both sides of each lamination and allowed to 
dryrsiJfiiciently to produce a “ tacky ” surface. The core 
was then assembled and baked under a lateral pressure of 
the order of 1 lb. per sq. in. at a temperature of 110° C. 
for about 17 hours. As a matter of interest, a ring core 
was included. The noise measurements were made in 
air, i.e. without tank or oil, and the results are given in 
Table 6. 

Noise observations on the uncemented ring core, and 
also on a single ring punching, showed that the major part 
of the sound was radiated from the ends of the cylinder 
rather than from the outer surface. The axial vibration 
took place in waves distributed round the circumference. 
The cemented core was exceedingly rigid and “dead" 
when struck axially, but when struck radially emitted a 


note corresponding to 1 200 c./s., which was quickly 
damped out. The considerable reduction of 33 phons is. 
probably mostly due to the greatly increased rigidity and 
damping of the core in relation to axial distortion. It was. 
thought of interest to ascertain whether in a normal core 
with interleaved joints the film of oil which is normally 
present between the punchings exerts any damping efiect, 
especially in regard to the repulsive forces between lami¬ 
nations at the joints where flux crosses from one lamina¬ 
tion to another. Noise measurements were therefore 
made on the 10-kVA single-phase core, which was of 
norfhal construction, before and after it had been soaked 
in transformer oil for a period, the measurements being 
made with the core in air. It is seen that the effect of 
oil immersion is to reduce the noise level from 48 to 
37 phons. Cementing reduces it to 26 phons. It is, of 
course, only the second reduction which is of significance 
for practical purposes and it must not be overlooked that 
when the oil and tank are added, the absolute, if not the 
relative, noise levels may be modified. However, it is 
evident that only under very exceptional circumstances 


Table 6 

Effect of Cementing Cores (4 % Silicon Steel, 
Bmax = frequency = 50 c./s.). 


Core 

Condition 

Noise level 
(phons) 

Ring core, 15 in. out- 

Tightly bound with 

43 

side dia., 9 in. in- 

tape 


side dia., 1 in. 
axial length 

Cemented 

<10 

10-kVA single-phase 

Before oil immersion 

48 

core 

After oil immersion 

37 


Cemented 

26 

60-kVA 3-phase core 

After oil immersion 

65 

Cemented 

64 


would a level of the order of 37 phons require reducing, so 
that it becomes of interest to ascertain whether cement¬ 
ing gives useful reductions for larger cores. From Table 6 
it is seen that within the limits of measurement no appre¬ 
ciable reduction is obtained with a 60-kVA 3-phase core. 
Mason* arrived at similar conclusions with regard to the 
clamping and cementing of cores. 

As regards forms of core other than the “ core type,” it 
is understood that the circular shell type, such as may 
be used for small transformers, is claimed to offer an 
advantage in respect of noise, but the authors have seen 
no quantitative information on the point. 

(d) Effect of Flux Density 

A measure sometimes proposed is to design the trans¬ 
former for a working flux-density lower than would 
normally be used if noise were of no consequence. 
Whether this technically simple solution is economically 
practicable depends on circumstances, particularly the 
size of the unit involved and the level to which it is 
desired to reduce the noise. 

* B.T.H. Activities, July-August, 1938. 
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Fig. 2 consists of a family of curves giving approximate 
noise-levels for transformers of different ratings and at 
different flux-densities. The noise levels are in no way 
definitive and apply only to particular conditions. How¬ 
ever, they are sufficient for comparative purposes. Let 
us assume that installation conditions, distance and 
other factors are such that it is not permissible to exceed 
a level of 50 phons at a point a few feet from the trans¬ 
former; also that = 13 000 is the normal working 
flux density for standard transformers. It will be seen 
that if we are dealing with a small transformer, ^e.g. 
50 kVA, the level at normal flux density is not much in 
excess of that desired. Thus, if we take an actual trans¬ 
former under the conditions to which the curves relate 
and reduce the flux density to — 12 400, the level 
will be reduced to 50 phons; but the rating will be 
diminished in the process. , To regain loss of rating due to 
reduced flux density, especially if such reduction is sub- 



pig. 2.—Relation between equivalent loudness and flux 
density, for 3-plaase transformers. 

stantial, might need a complete reconsideration of the 
design of the transformer, since with unusually low core 
densities it might be necessary to modify radically the 
relative proportions of iron and copper. However, by 
considering the effect of a small change in density and 
adopting simplifying assumptions, we can roughly assess 
the effect of a reduction in density. Suppose the density 
is reduced by 10 % and we decide to keep the core section, 
winding depth, and conductor size, unaltered. To regain 
the lost voltage, the turns—-and hence the winding length 
—would need increasing by 10 %, with a corresponding 
increase in leg length. The copper loss would be increased 
10 %, but if iron and copper losses were of the same order, 
this would be largely offset by decreased iron, loss, also 
amounting to rather more than 10 %. Further, an 
increase in dimensions of the transformer would in itself 
give rise to a small increase in noise level, to overtake 
which a small further decrease in flux density would be 
needed. Other factors which might or might not be 


important, such as reactance, would be affected by change 
in dimensions, but it is evident that a reduction of 10% in 
flux density would involve an increase in active material 
of about the same order, with a corresponding increase in 
tank size and oil quantity. It would then have to be con¬ 
sidered whether the increased cost of the transformer was 
justified by the comparatively small reduction in noise 
level or whether the desired result could not be obtained 
by cheaper means. 

If we refer tg the curve in Fig. 2 for a 500-kVA trans- 



Fig. 2 a.—R elation between loudness and flux density, for 
3-phase transformers. 

former, it is clear that to bring the noise level down to 
50 phons would mean a reduction in flux density (B^iax) 
from 13 000 to something less than 9 000, involving a 
substantial increase in dimensions. With large trans¬ 
formers the required density would clearly be nro- 
hibitively low. We must therefore conclude that it is 
technically possible to effect a substantial reduction ha 
noise level by reducing flux density, but, especially for 
large transformers, such a method is quite impracticable 
economically. 

In Fig. 2a, the data of Fig. 2 are shown in terms of 
loudness* rather than E.L., i.e. the ordinates are propor¬ 
tional to the loudness sensation experienced by a normal 
hearer. As is to be expected, the curves of Fig. 2a are 
much more in accord with aural impressions, e.g. that 
the loudness of a transformer increases fairly rapidly with 
flux density and that a substantial increase in loudness is 
associated with a tenfold increase in kVA. It may be 

* B. G. Churcher: Journal of the Acoustical Society of America, 133D, 6, fi. S 1,0. 
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noted that in terms of this loudness scale (chosen arbi¬ 
trarily so that 100 units = 100 phons) the level, near the 
hearer’s location, above which complaint is liable to occur 
(40 phons), corresponds very nearty to 1 loudness unit. 

(e) Interception of Vibration Transmitted from 

Core to Tank 

The provision of some kind of barrier or absorber for 
intercepting or attenuating the vibration transmitted 
from core to tank and thence radiated as iiwise, has some¬ 
times been proposed.’'’ In a normal transformer, trans¬ 
mission takes place mainly by two paths, namely by the 
contact of the core with the bottom of the tank, and 
thence to the sides; and by direct tran*smission through 
the oil. Vibration can be transmitted through leads from 
core to tank, but unless the lead’s are unusually stiff' the 
amount of vibration transmitted can be ppglected. 

To ascertain the relative amounts of vibrational energ};* 
transmitted by the two main paths, an experiment was 
carried out with the 60-kVA 3-phase transformer already 
referred to. It was first tested in the normal condition, 
i.e. with the core resting dhectly on the bottom of the 
tank. The core was then placed on resilient supports 

Table 7 

Effect of Mounting Oil-Immersed Core on Resilient 
Supports: 60 kVA, 3-phase Transformer Fre¬ 
quency = 50 c./s. 


Condi tioa 

Phons 

Without resilient supports .. 

66 

With resilient supports 

52 


designedf with a sufficiently large attenuation to ensure 
that the vibration transmitted through them was 
negligible. The noise was again measured at the same 
flux density, with the result shown in Table 7. 

From a consideration of the laws of audition, it appears 
that the sound energies transmitted by the two paths 
are of the same order of magnitude. Hence, although 
the use of resUient supports between core and tank does 
not alone effect a substantial reduction in noise, the 
supports would become of great importance if a con¬ 
siderable amount of attenuation could be introduced into 
the oil path. 

A theoretical study was therefore put in hand with a 
view to obtaining some guide as to the type of barrier or 
absorber that would be most effective. It soon became 
apparent that a compliant rather than a stiff or massive 
barrier was required. J ^ To verify this, a 1-in. thick hard¬ 
wood barrier for insertion bet\yeen the tank wall and core 
of the 10-kVA single-phase unit used for earlier experi¬ 
ments was made, so as to enclose the transformer on all 
four sides. The core was resiliently mounted. Noise 
measurements without and then with the barrier in 
position showed a reduction in level of not more than 
2 phons. 

* For example, British Patent No. 380136—1932. 


The theoretical and practical merits of different possible 
forms of compliant absorbers were then examined, parti¬ 
cularly in regard to materials capable of withstanding hot 
oil satisfactorily. A set of hollow air-filled absorbers with 
thin sheet-metal sides was made up for trial with a small 
transformer that was available. The results were 
promising, but, owing to the difficult}/ of making satis¬ 
factory noise measurements and analyses at the very low 
levels obtained, it was decided to construct a set of 
absorbers for the 60-kVA 3-phase transformer previously 
meijtioned. At the same time a tank with cooling tubes, 
of standard design but with slightly increased dimensions 
to accommodate the absorbers, was constructed, including 
the additional fittings required. These consisted of an 
iron plate resting on the bottom of the tank on Avhich 
were mounted the resilient supports for the core and 
suitable guides into which the absorbers could be inserted. 
The construction of the absorbens was modified to some 
extent as a result of the experience gained. Sheet metal 
was discarded in favour of cellulose sheet. It was found 
convenient to make the absorbers in two sections, 
.mounted one above the other. Thus to surround the 
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Fig. 3.—Diagrammatic illustration of resilient absorbers and 
mounting in a 3-phase transformer. 

A. Large pressure pulsations in oil (incompressible) due to core vibration. 

B. Absorber yielding readily to pressure pulsations. 

C. Reduced-pressure pulsations transmitted by absorbers to outer layer of 
oil and tank side. 

D. Reduced sound pressure radiated by tank side. 

S. Resilient supports. 

transformer on all four sides required 8 sections. Apart 
from constructional convenience, this sub-division had the 
advantage that in the unlikely event of the failure of a 
section, the attenuation would not be greatly impaired 
and the oil level in the tank would fall by only a small 
amount. In view of the resilient mounting of the core, ’ 
movement at its upper end while being transported was 
limited by a simple fitting. The principle of the scheme 
is shown diagrammatically in Fig. 3. 

Noise measurements and analyses were then made over 
a range of flux densities and it was found that a sub¬ 
stantial reduction in noise had been obtained. ' Noise 
measurements were next made to ascertain the effect of 
(i) the clearance between the lower edge of the lower 
absorber section and the bottom of the tank, and (ii) the 
depth of oil above the upper edge of the upper absorber 
section. This having been ascertained, suitable cleai-ances 
were chosen, having regard to the oil expansion which 
accompanies the normal temperature rise of the trans¬ 
former, and the need for avoiding any constriction of the 
oil flow. As the absorbers are located substantially in the 
neutral plane of natural oil circulation, it was anticipated 
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that the oil circulation, and hence the temperature rise of 
the transformer, would not be appreciably affected by the 
presence of the absorbers. Temperature tests with a 
power input equal to the total full-load losses were then 
carried out, with the absorbers first in position and then 
removed. It was found that the temperature-rises above 
ambient temperature for the steady state did not difier by 
as much as 1 deg. C, for the two conditions. 

Complete noise measurements and analyses were then 
made for the oil level chosen and also with the absorbers 
removed, the oil level being kept constant. The results 
are shown in Fig. 4, from which it is seen that -flie 
absorbers effect a reduction of the order of 30 phons. The 
levels reached with the absorbers in position are con¬ 
siderably lower than would be necessary in practice, and 
it was not possible to make satisfactory noise measure- 



Fig. 4.—Reduction of noise by the use of vibration absorbers: 
transformer 60 kVA, 3-phase, 50 c./s. 

ments below = 13 000. However, the significance 
of the results lies in the fact that reductions of the order 
of 30 phons are rendered practicable by the use of 
absorbers. 

It was then decided to treat a 400-kVA 3-phase distri¬ 
bution transformer on the same lines. A set of absorbers 
and a naturally cooled tank with the necessary additional 
fittings were constructed. Hand-operated off-circuit tap¬ 
changing gear was mounted above the transformer and 
the total height was such that the absorbers were sub¬ 
divided into four sections one above the other, each 
15 in. deep, giving 8 long and 8 short sections. The 
result obtained is shown in Fig. 5, from which it is seen 
that at normal flux-densities a reduction in E.L. of 
25 phons or more is secured, the E.L. with the absorbers 
in operation being approximately 40 phons, i.e. sufficiently 
low to remove cause for complaint, even in close proximity 
to a dwelling house. Noise analyses were also made, both 
at an applied frequency of 60 c./s. and at frequencies 
above and below this value, and the effect of the ab¬ 
sorbers on the E.L. of each component of the noise was 



Fig. 5.—^Noise reduction on 400-kVA distribution trans¬ 
former by means of internal absorbers. 

A. Transformer of standard design. 

B. Experimental transformer with resilient mounting but without absorbers. 

C. Experimental transformer with resilient mounting and absorbers. 



Fig. 5A.—Noise reduction on 400-kVA distribution trans¬ 
former by means of internal absorbers. 
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traced. It was evident that the attenuation was in¬ 
fluenced to a minor extent bya partial resonance occurring 
in the vibrating system at a frequency below 100 c.Js., 
and if it had been important to secure further reduction 
in E.L. a modification could have been made to this 
end. A comparison of a 400-kVA transformer of standard 
design with one fitted with absorbers is given in Fig. 
5a on a loudness basis, i.e. as perceived by a normal 
hearer. , 

To ascertain whether any leakage or other deterioration 
developed with time as a result of the temperature cycle 
normal to the operation of a distribution transformer, an 
absorber section was immersed in a tank of oil containing 
a heating resistor. Power was switched on each morning 
and off each evening. During the d^y the temperature 
reached 80° C. The test was*.continued for 10 weeks, 
during which time no deterioration was observable. 
Many absorbers, of different t 3 q)es and'sizes, have been 
constructed and tested during the investigation and, 
apart from one case of accidental damage during handling, 
no case of failure has occurred. 

To obtain further evidence regarding the possible, 
deterioration of absorbers or other unforeseen effects 
which might occur in service, the complete 400-kVA 
transformer was subjected to a repeated temperature 
cycle. The power input was adjusted to correspond with 
more than full-load losses and was switched on each 
morning. The maximum oil temperature reached at the 
end of the day was 70° C., the power then being switched 
off. The cycle was repeated on 60 days, after which 
an examination was made. No deterioration was 
observable. 

A point which would need consideration with large 
transformers is the static oil-pressure under which the 
lower absorber sections would operate owing to the 
increased head of oil. Some experiments were carried out 
with an absorber section, immersed in water in a closed 
tank provided with plate-glass windows, through which 
the behaviour of the absorber section could be observed. 
Means for varying temperature and hydrostatic pressure 
were provided. It was found that the behaviour of the 
absorbers under conditions corresponding to the largest 
transformers was satisfactory. 

(f) Tank Construction 

We may consider here constructional modifications or 
attachments which may be incorporated in the tanks of 
oil-immersed transformers for the purpose of noise 
reduction. 

^ normal transformer tank has many possible modes of 
vibration, the corresponding natural frequencies extend¬ 
ing over a large part of the audible frequency range. As 
we have seen, the impressed vibratory frequencies extend 
from 100 to perhaps 1 400 c./s. in steps of 100 c./s. 
To estimate the natural frequencies of a tank would be 
a very complex and uncertain matter, so that to attempt 
to ensure that impressed and natural frequencies are 
kept sufficiently far apart to avoid complete or partial 
resonance would be impracticable. Adding moderate 
amounts of stiffness or mass to the walls of a normal tank 
may shift the natural frequencies nearer or farther from 
the impressed frequencies and may therefore either 
increase or decrease the contribution of particular com¬ 


ponents without greatly affecting the noise as a whole. 
The possibility of considerably increasing the mass and 
introducing some damping as well to blunt the resonances 
by covering the tank sides with a layer of concrete was 
considered and thought worth a trial. Experiments were 
therefore carried out with a tank suitable for a 60-kVA 
transformer and fitted with a detachable radiator instead 
of the usual rows of cooling tubes. Iron projections were 
welded to the outside of the tank to afford means of 
rigidly attaching concrete to the sides. Noise measure- 
nients and analyses were made with and without the 
radiator attached and before and after applying a 2-in. 
layer of concrete. From the analyses, the low-frequeircy 
components were found to have been reduced and others 
increased, and the change in quality of the noise was 
evident aurally. There was no evidence that the addi¬ 
tion of the concrete had increased the damping. The 
noise measurements showed no resultant decrease in E.L. 
exceeding 1 phon at any flux density. 

It has been proposed to reduce the radiation of noise 
from transformer tanks by providing external barriers or 
false sides resiliently mounted on the tank.* It is, of 
course, necessary in such a case to effect cooling by a 
separate radiator piped to the tank or by other external 
means. To obtain a substantial reduction, e.g. 20 phons, 
by this method would require the fulfilment of two con¬ 
ditions. First, the amplitude of vibration of the false 
sides would need to be reduced to the order of one-tenth 
that of the normal tank sides, which would require very 
effective resilient mounting of the false sides. Secondly, 
the tank would need to be so completely covered by the 
false sides that the acoustic energy emitted would be 
reduced to one hundredth of that emitted without the false 
sides. With this object in view the false sides are made 
to extend continuously round the tank, but it is ap¬ 
parently considered that there is no need to cover the lid, 
which is in intimate contact with the body of the tank. 
The propagation of sound waves of a few hundred cycles 
per sec, does not proceed in accordance with optical law.s, 
i.e. such low-frequency sound waves are by no means 
highly directional bitt spread out readily in all directions. 
Hence sound will not be emitted from the top of a tank 
purely vertically but would be heard even though none 
were emitted from the sides. The authors would expect 
that complete enclosure would be required to secure a 
reduction of 20 phons. Forrestf reports a reduction of 
approximately 10 phons when a method of this type (no 
details are given) is applied to a 20 000-kVA unit. In 
most cases this result would be inadequate, but if the 
principles of enclosure and isolation were carried to their 
logical conclusion much greater attenuations would be 
available. This is discussed later, in Section (5)(c). It 
has been suggested that a useful noise reduction can be 
obtained by “ lagging a tank with sound-absorbing 
material.” If by this is meant the application of soft 
material of low reflection-coefficient directly to the tank 
surfaces, the proposal seems to rest on confusion of the 
properties of absorption and attenuation. The material 
would not function in virtue of its low reflection-coeffi¬ 
cient and an inconveniently large amount of it would be 
required for a useful attenuation. Neither would a hard 

* British Patent No. 444129—1930. 

t Beama Journal, 1939, 44, p. 51. 
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massive material normally useful for sound attenuation 
be effectual if used in this way, since it would readily 
transmit the vibration imposed by the tank side. 

(5) NOISE LIMITATION BY EXTERNAL MEANS 

(a) General 

In the previous Section, means whereby the acoustic 
output of the source can be controlled have been 
examined. In the present Section we shall consider how 
the E.L. of the noise reaching the hearer can be con¬ 
trolled by the introduction of attenuation in varibus 
forms between the source (i.e. the complete transformer 
as a unit) and the hearer. In practice, attenuation is 
often provided by circumstances which arise out of con¬ 
siderations other than noise. It is clearly desirable to 
utilize such, attenuation, supplementing it where neces¬ 
sary by additional attenuation artificially introduced. It 
is therefore important that methods of predicting the 
noise reduction due to external attenuation should be 
available when an installation is being planned, so that 
it can be ensured that sufficient attenuation is pro¬ 
vided and also that the practical merits of alternative ' 
proposals may be compared. In general, the accurate 
prediction of the noise reduction is not a simple matter. 
One reason is that we are dealing with complex sounds, 
i.e. sounds containing components of different fre¬ 
quencies. The transmission coefficients of partitions and 
the absorption coefficients of sound-absorbing materials 
vary with frequency, so that the several components of a 
noise are attenuated by different amounts. In general, 
after having suffered attenuation, the composition or tone 
structure of a noise will not be the same as before attenua¬ 
tion, an exception being when the noise consists of a 
single tone. Strictly, it is therefore necessary when pre¬ 
dicting the noise reduction to know the composition of 
the acoustic output of the source as well as its E.L., to 
estimate the attenuation suffered by each component, 
and then to estimate the resulting E.L. of the attenuated 
components.* The detailed discussion of this aspect of 
the subject is beyond the scope of the present paper. 

The authors’ colleague, Mr. S. W. Redfearn, has carried 
out a comprehensive mathematical examination of the 
attenuation of sound afforded by structures of various 
kinds, which it is hoped to publish shortly. The con¬ 
clusions reached have been found to be in accord with 
the results of experimental work and with practical 
experience. It is proposed to give here a summary of the 
conclusions reached as to the practical efficacy of different 
methods of introducing attenuation. We shall only con¬ 
sider incidentally the attenuation of that part of the 
sound which is transmitted by contact between a trans¬ 
former and a structure. Cases occur where the whole of 
the sound is transmitted in this way, there being no 
parallel air path—e.g. the transmission of sound between 
two rooms in the same building, one of the rooms having 
no windows or other vents. This subject has been fully 
discussed elsewhere,! and, as far as transformers are con¬ 
cerned, practically any desired amount of attenuation can 
be introduced by providing suitably designed resilient 
supports. It is necessary to emphasize that the indis¬ 
criminate insertion of resilient blocks, as opposed to the 

* A. J. King: Engineering, 1937, 144 , p. 296; 1938, 146 , pp. 124 and 198. 

t A. J. King; loc. cit. 


provision of supports designed with a full appreciation 
of the dynamii properties of the material and the con¬ 
ditions of operation, may not only fail to reduce vibration 
transmission but may actually increase it. Outdoor 
transformers usually rest on a concrete foundation and 
it is not as a rule necessary to fit resilient supports. The 
foundation block is seldom attached to a surface that can 
radiate sound effectively, and appreciable vibration trans¬ 
mission through the ground is unlikely unless the trans¬ 
former is located very close to house property. In one 
case of complaint within the author’s experience, it was 
found that the transformer foundation had been keyed 
to a brick wall which was continuous with the wall of a 
house, Sorqe quite ineffective resilient supports had 
been fitted. The substitution of adequately designed 
supports proved to be the remedy. 


^ (b) Effect of Distance 

The distance between the source and the hearer 
generally in itself makes some contribution towards the 
limitation of transformer noise. The rate at which the 
E.L. falls off with increase in distance depends on a 
number of factors. Consider first the simplest possible 
case, namely that of a point source emitting a single tone 
of 1 000 c./s. in free space, i.e. completely spherical 
radiation. Neglecting energy absorption in the atmo¬ 
sphere, which is inappreciable at audio frequencies and 
moderate distances, the total radiated energy is constant 
at all radii, so that the energy per unit area varies 
inversely as the square of the radius and the acoustic 
pressure inversely as the first power of the radius. Hence 
if the intensity level at radius B is 


20 log 


P 

0-0002 


the intensity level at radius 2R will be 


20 log 


P 

0-0004 


a difference of 6 db. Since at 1 000 c./s. the intensity 
level is equal to the E.L., the E.L. at radius 2P will be 
6 phons less than at B. In other words, each time the 
distance from the source is doubled, the E.L. falls by 
6 phons, until, of course, the threshold-intensity level, 
corresponding to a pressure of 0 • 0002 dyne per cm?, is 
reached, after which the sound becomes inaudible. 

With tones,of frequency other than 1 000 c./s., the 
equal-loudness relations* operate. This causes the E.L. 
of a low-frequency tone, e.g. 100 c./s., to fall off more 
rapidly with distance than that of a 1 000-cycle tone, 
i.e. the reduction in E.L. for a doubling of the distance 
would be more than 6 phons. However, for frequencies 
of 300 c./s. and upwards the figure of 6 phons is sub¬ 
stantially correct. 

With the complex sounds emitted by a transformer, not 
only do the equal-loudness relations operate in the way 
indicated but the law of combination of the ear, which 
varies with level, enters into the matter, so that the 
estimation of the effect of distance becomes less simple. 
Further, a transformer cannot be considered a point 
source for distances which are not large compared with 

♦ B. G. Churcher and a, J. King: Journal I.E.E., 1937, 81, p. 57. 
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its overall dimensions. Again, the radiation of sound 
cannot be completely spherical owing tb the presence 
of the ground, except in the unlikely case of the ground 
having unity absorption coefficient. Some reflection 
from the ground is always present, so that the variation 
of E.L. with distance is modified by this factor. How¬ 
ever, in practice E.L. measurements on transformers at 
distances greater than the largest dimension do not show 
any marked divergence from the value of 6 phons for a 
doubling of the distance, so that the simj)le rule suffices 
for most practical purposes. 

(c) Effect of Enclosure 

We may first note some practical considerations. The 
need for the enclosure of a transformer ^or the purpose of 
noise lirnitation is, in general, confined to outdoor trans¬ 
formers. It would seem that the only case where en¬ 
closure of an indoor transformer would be needed is wher* 
quiet is required in the room in which the transformer is 
located, an unusual requirement. Transmission of noise 
from the room in which the transformer is located to 
another room in the same building can be in the form of 
structure-home noise or air-borne noise or a combination 
of both. Structure-borne noise can be dealt with by the 
provision of a correctly designed resilient mounting for 
the transformer, as previously mentioned. In one case of 
wholly structure-borne noise within the authors’ experi¬ 
ence, the E.L. in a room used as an office immediately 
adjacent to a transformer chamber containing two 10 000- 
kVA units was reduced from 80 to 40 phons by mounting 
the transformers on resilient supports designed to give 
that reduction. Air-borne sound emitted from a trans¬ 
former chamber requires the introduction of sound 
attenuation in air ducts or vents of a kind that does not 
unduly restrict air flow. If the chamber is substantially 
built, e.g. of brick or concrete, the sound energy passing 
directly through the walls is. usually negligible compared 
with that emitted by the other paths mentioned, tience 
where enclosures are provided for noise limitation, they 
must usually be suitable for outdoor use. Not only must 
the enclosure be weatherproof but the oil-level gauge and 
the temperature indicator must be visible, and the empty¬ 
ing valve and the filter valves must be accessible. Where 
connection is made by cables and junction boxes, which 
is usual for voltages up to 11 kV and frequently up to 
33 kV, precautions are necessary to limit the amount of 
vibration transmitted from the tank along the cables to 
the enclosure. Some form of kiosk may suffice for small, 
moderate-voltage transformers. Where on-load tap- 
changing gear is mounted on the transformer tank, and 
especially where space for access has to be allowed be¬ 
tween tap-changing gear and enclosure wall, and where 
an oil conservator has to be accommodated, the enclosure 
is considerably increased in size. With high-voltage 
transformers, usually of large output, where cables and 
junction boxes cannot be used on the high-voltage side 
and bare conductors and bushings inserted in the en¬ 
closure wall or roof are involved, the scale of the enclosure 
is much increased and a brick or concrete building is 
called for. Further, there is the problem of the cooling 
of an enclosed transfomier. 

We can now consider the acoustical aspect of enclosure. 
In recent years a detailed study has been made at the 


National Physical Laboratory'’-' and elsewhere of the 
attenuation of sound in its passage through walls or 
partitions of various types. Briefly, the attenuation is 
measured by inserting a partition of the material into an 
opening between two rooms entirely isolated acoustically 
from one another, a source of sound of the desired fre¬ 
quency being operated in one of the rooms. The acoustic 
pressure on either side of the partition is then measured 
by calibrated microphones, and the attenuation in 
decibels is given by 20 log Pj/P. The most important 
coijclusion to be drawn from these researches is that over 
a wide range of materials and thicknesses the attenuation 
is a function of the mass per unit area. Thus at 200 to 
.300 c./s., frequencies with which we are concerned, the 
attenuation varies from 12 db. for a partition weighing 
0-5 lb. per sq. ft. to approximately 49 db. for one of 
50 lb. per sq. ft. This applies to materials such as build¬ 
ing board, plate glass, wood and brickwork. From theory 
it is to be expected that if attenuation depended on 
inertia (mass per unit area) only, the attenuation of a 
partition for a doubling of thickness would be increased 
by 6 db. Experimentally this figure is found to hold 
approximately. Thus if a 4|-in. brick wall has an 
attenuation of 47 db. at 200 to 300 c./s. a 9-in. wall will 
have a value of approximately 53 db. Also, if the fre¬ 
quency is doubled, the attenuation is increased by 6 db. 
Hence if a transformer be placed in an enclosure the walls 
and roof of which have sufficient mass per unit area, 
substantial noise reduction is to be expected. Flowevei', 
to obtain the benefit of the attenuating effect of the 
enclosure it is essential to prevent the transmission of 
vibration by direct contact between transformer and 
structure by the provision of an adequate resilient mount¬ 
ing. Also, the presence of vents or other openings can 
seriously impair the attenuation of an enclosure. Space 
does not permit a detailed discussion of this matter, but 
a simple example will illustrate the order of the effect. 
Consider a partition giving an attenuation of 40 db. The 
energy density on the incident side is 10 000 times that on 
the emergent side. If now holes are made in the partition 
having a total area equivalent to 1 % of the area of the 
partition the average energy-density on the emei'gent 
side will be increased 100 times. Thus the attenuation 
will be reduced from 40 to 20 db. This effect clearly has 
an important bearing on the enclosure of naturally-cooled 
transformers. 

Another acoustical effect which arises when a trans¬ 
former is placed in an enclosure is what may be termed 
the " build-up ” effect. The absorption coefficients of 
brick, concrete and metal surfaces are very low; of the 
order of a few per cent. Thus with the usual brick or 
concrete walls 97 % or more of the sound enei-gy radiated 
by the transformer tank is reflected from the enclosure 
surfaces and multiple reflections take place. The sound 
energy is conserved rather than dissipated, so that the 
average intensity-level at a given short distance from the 
transformer is greater with the enclosure present than 
with it absent. This “build-up” effect, which can be 
expressed in decibels, offsets the attenuation effected by 
the enclosure. This is illustrated diagrammatically in 
Fig. 6, where (a) shows a transformer T mounted on 

p 16l' ^ston: Philosophical Magazine, 1037,23, 
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resilient supports on a substantial foundation. When the 
transformer is excited, sound waves are emitted from the 
sides and top. Suppose the intensity level, in decibels, of 
a particular component is X near the tank side. When 
the enclosure is placed in position [Fig. 6(a)], the internal 
intensity level will increase to (X +15), where B is the 
“ build up ” effect. The intensity level immediately 
outside the enclosure will be {X + B — A), where A is 
the attenuation of the enclosure for that frequency. 
Redfeam’s researches have led to a method of estimating 
the magnitude of the “ build up ” effect. It has be^n 
found that in practical cases this can reach considerable 
values. If it is deshed to utilize A more fully, B can be 
reduced by increasing the total absorption present in¬ 
side the enclosure by adding suitable sound-absorbing 
material, the required amount of which for a given 
reduction in B can be estimated. In planning for a given 
overall attenuation, the values of B and A chosen should 
clearly be determined by consideration of cost, provided 
no structural limitations supervene. 

We have seen that the attenuation of a wall is increased 



f 



T 





(a) (h) 

Fig. 6 . —Diagrammatic illustration of the effect of enclosing 

a transformer.' 

by approximately 6 db. only when its thickness is 
doubled. If, instead of doubling the wall thickness, we 
use two independent walls of the same thickness or a 
double wall, the attenuations are additive provided 
certain conditions are met. These are that there shall 
be negligible mechanical coupling between the two walls 
by ties or other solid connection, and that the air space 
is large enough to make the air coupling negligible. Thug 
attenuations of the order of 100 db. are theoretically 
possible but, apart from such high values being rarely 
required, other sound-leakage paths would generally 
vitiate their effect. It may be noted* that no advantage 
over a single solid wall of the same mass per unit area is 
obtained by the use of hollow bricks. 

The way in which the foregoing principles may be 
applied to practical cases will be illustrated by a few 
examples. The case of a water-cooled transformer or a 
transformer with a separate oil cooler is comparatively 
simple, owing to there bemg no need to provide for the 
dissipation of a large amount of heat by air circulation. 
We have only to deal with that part of the heat dissipated 
by the plain tank. The thermal resistance of a brick or 
concrete enclosure can be approximately estimated, and 
it will be found in general that the equilibrium tempera¬ 
ture reached by the air within the enclosure is not unduly 

* Philosophical Magazine, 1937, 23, p. 161. 


high, even though no vents whatever are provided. A 
case of the enclibsure of a lai'ge transformer, planned in 
1930, may be quoted. The transformer is of 75 000 kVA, 
3-phase, and is installed immediately outside a power 
station. Cooling is by forced oil circulation, the oil being 
passed through an external water cooling system. The 
object of enclosure was to ensure that the noise level at 
house property in the vicinity was not materially in¬ 
creased, particularly at night. At the time no information 
was available oi^ the noise levels of transformers of this 
size, and to ensure a margin a lower flux-density than 
normal was specified. For structural reasons the walls of 
the transformer house were made of brickwork at least 
14 in. thick, a thickness of IS in. being used in some parts. 
The roof was of 6-in. concrete. It was anticipated that 
with ^uch a large transformer the 100- or 200-cycle com¬ 
ponents would be predominant. At these frequencies 
a» 18-in. brick* wall may be expected to give from 
45 to 50 db. attenuation. To enable this to be realized, 
doors providing for the removal of the transformer from 
the house would have had to be both very large and of 
^the same order of mass per unit area as the brickwork. 
To avoid this it was decided to dispense with main doors 
and to bricic-up the transformer after installation. Such 
small doors as were necessary for access were made to 
have the required attenuation by a double construction, 
two iron doors with rubber seatings being provided, with 
an air space between. The transformer, weighing 
approximately 100 tons, was mounted on rubber resilient 
supports designed to have an attenuation of over 40 db. 
at 100 c./s; Connection from the transformer to the 
oil cooler, located outside the transformer house, was 
made by flexible metallic piping. As the cable connec¬ 
tions emerged by ducts in the ground, no special pre¬ 
cautions against vibration transmission were necessary. 
Noise measurements on a transformer while on test in the 
factory gave 79 phons at a distance of 1 m. at rated 
voltage. After installatioir an E.L. of 96 phons in the 
transformer house was observed, the increase of 17 phons 
being due to the “ build up ” effect. This figure was in 
good agreement with calculation. Measurements imme¬ 
diately outside the transformer house gave a value of 
62 phons, but it was obvious that this figure included 
some station noise, much of which was of similar compo¬ 
sition. Hence the value attributable to the transformer 
alone is less tha:i this. The reduction due to the walls is 
therefore certainly more than 34 phons. Measurements 
at greater distances from the transformer house were less 
reliable, as the transformer noise was still less distinguish¬ 
able from station and other noise. The result was there¬ 
fore considered adequate. Increasing the net attenuation 
of the enclosure by the addition of sound-absorbing 
material in order to reduce the ‘‘build up" effect of 
17 phons was considered, but, in view of the results, felt 
to be unnecessary. However, in retrospect it is now 
(1939) clear that a more economical solution would have 
been obtained by designing the transformer for normal 
flux-density and utilizing some of the resulting saving to 
provide sound-absorbing material in the enclosure which, 
by reducing the “build up" effect, would more than 
offset the increased free-space noise emission of the 
transformer. 

Where small naturally-cooled distribution transformers 
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are installed in kiosks, on account of accommodation 
being required for switchgear or other apjfaratus the kiosk 
often affords a substantial amount of attenuation. Sheet 
steel i-g in. thick, if not perforated with holes, gives an 
attenuation of approximately 32 db. at 300 c./s. pro¬ 
vided no important mechanical resonance is present. 
Owing to the size of the kiosk being larger than is required 
to accommodate the transformer alone, its surface may be 
considerably greater than that of the tank and cooling 
tubes, so that, owing to the low therr^al resistivity of 
steel, a considerable amount of heat can pass directly 
through the kiosk walls without an unduly large tem¬ 
perature-drop. The total cross-section of the ventilating 
louvres provided for cooling need not, there,fore, be large. 
The cooling aspect is further eased wh*en the transformer 
carries full load for a few hours’®nty each day, as is.often 
the case, the thermal capacity limiting the temperature- 
rise. The total cross-section of the venis may therefone 
be insufficient to impair greatly the attenuation. The 
presence of vents also provides a certain amount of 
internal absorption, which limits the “ build up ” effect. 
Some measurements on a 350-kVA distribution trans-, 
former installed in a kiosk gave a reduction in E.L., due 
to the presence of the kiosk, of 25 phons. 

The enclosure of large naturally-cooled transformers, 
especially those operating at fairly high load factors, 
makes the problem of cooling less simple. A brick ox- 
concrete building rather than a Idosk may be called for 
on account of size. The thermal resistance of a brick or 
concrete building without ventilation is so great that only 
a small fraction of full-load losses could be dissipated 
through its walls without a prohibitive temperature rise. 
The building may be required for other reasons besides 
noise limitation, but only a moderate noise-reduction is 
obtainable without special measures. A case of a 
10 000-kVA naturally-cooled transformer installed in a 
substation in a residential district may be cited. The 
building was a substantial bi-ick structure. The cooling 
air entered through numerous louvres in double iron 
doors, of sufficient size for the transformer to pass 
through, and emerged through a horizontal duct of ample 
cross-section in the roof of the building. The E.L. inside 
the substation was 84 phons and immediately outside 
the louvred doors 70 phons, giving a gross reduction of 
14 phons This low figure is of course due to the large 
cross-section of the ventilating openings, since the walls 
and roof of the building would be capable of a reduction 
of the order of 40 phons. Immediately outside the 
n^rest house the E.L. was 50 phons, which was con¬ 
sidered to be undesirably high, a figure of 40 phons or less 
being more desirable. To obtain the extra 10 phons re¬ 
duction a hollow brick wall was built internally extend- 
mg to the roof and opposite the large louvred doors, 
vertical side ducts of ample cross-section being formed 
for the entrance of the cooling air. Measurements showed 
that immediately outside the louvred doors the E.L. had 
fallen to 56 phons and, at the house, to 37 phons. Thus 
the gross reduction due to the building had been increased 
to 28 phons, which was quite adequate for the particular 
case although less than the possible figure of 40 phons. If 
it 13 desired to realize such a figure, it is necessary to 
increase the attenuation along the air ducts and other 
sound-leakage paths to this order of magnitude. Suffi¬ 


cient attenuation in the resilient mounting presents nO' 
difficulty. The attenuation along ventilating ducts can 
be increased as much as is required by a suitable disposi¬ 
tion and quantity of sound-absorbing material. In one 
instance the authors have obtained a reduction of 
20 phons in a length of 9 in. for a fairly high-frequency 
sound. However, the attenuation per unit length of duct 
is closely related to the pressure drop per unit length. 
With highly attenuating ducts the pressure head neces¬ 
sary to circulate the required amount of air may be 
gi^atly in excess of that which is available from the con¬ 
vective flow by which most of the heat from naturally- 
cooled transformers is dissipated. If there is no other 
objection to its use, the required amount of air can be 
made to flow by introducing a fan, located preferably 
inside the building, so that the noise from it is suppressed; 
by the duct attenuation. 

It has now become general practice to build large- 
distribution transformers with one or more separate- 
radiator units, piped to the tank. This gives an opportu¬ 
nity of dealing with noise by enclosing the tqnk of the 
transformer within a building without vents and installing. 
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Fig. ,7.—Diagrammatic illustration of a transformer in an 
enclosure with external radiator. 

T = transformer, resiliently mounted, 

R = radiator. 

r = flexible pipe connections. 


the radiators outside, as shown diagrammatically iii- 
Fig. 7. Owing to the very limited cross-section of the 
openings between radiator and tank, it is to be expected- 
that the vibratory oil pressure acting on the inner radiator 
surfaces, and hence the sound emitted, will be small com¬ 
pared with that acting on the tank walls. Aural impres¬ 
sions confirm this. Some careful measurements on a, 
small transformer tank fitted with a detachable bolted-on 
radiator indicated that the acoustic energy emitted by 
the radiator was about 20 % of the whole. If without 
further steps the tank were enclosed so that it could' 
radiate no sound, the level due to the radiator alone would- 
be only about 7 phons less than that due to the unen¬ 
closed tank and radiator. I-Ience, in general, attenuation 
must be present in the connection between tank and- 
radiator if useful noise-reductions are to be obtained. 
Transmission of vibration appears to take place along the 
pipe rather than through the oil,* so effective results can 
be obtained by using a length of piping of flexible material- 
capable of withstanding hot oil, or even the flexible 
metallic tubing often employed. The flexible connection 
reduces vibration transmission both to the radiator and 
to the enclosure. Masonf has applied a sound-attenu- 
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ating box to a 500-kVA transformer with separate 
radiator. The radiator was connected by flexible tubing 
and the tank resiliently mounted. The box is stated to 
be built of sound-insulating material, but the nature of 
the material is not indicated. A reduction of 18 phons is 
obtained, but it is pointed out that larger reductions are 
possible. Large transformers with separate radiators are 
sometimes cooled by air blast directed on to the radiators, 
the air blast being out of action at periods of light load. 
Where it is necessary to limit the noise of such units, 
attention has to be given not only to the transformer 
noise but also to any noise that may arise from the fans 
or air jets. 

In built-up districts where space for transformers or 
kiosks is restricted, transformers are sometimes installed 
in brick-lined pits, suitably ventilated. If, helped by low 
load factor, the vents need be of small size only, a useful 
noise reduction, compared with the noise associated with 
an outdoor transformer, is to be expected. To reduce 
installation costs, the suggestion of burying the trans¬ 
former tank directly in the ground has been made. If 
this were practicable, noise could be completely sup¬ 
pressed. However, the thermal conditions are such as to 
make the scheme impracticable for any but very small 
transformers. If, for the sake of argument, we assume a 
transformer tank of spherical shape, it can be shown that 
the thermal conductance to an infinite mass of earth (i.e. 
neglecting the ground surface) is analogous to the elec¬ 
trical capacitance of a sphere in infinite space. The 
conductance increases as the radius of the sphere. How¬ 
ever, the energy loss will increase roughly as the cube of 
the radius, so that as the size of the transformer is 
increased, the amount of heat to be dissipated soon over¬ 
takes the amount of heat it is possible to conduct away 
■for a given temperature-rise. Hence the proposal has 
not come into general use. 

(d) Use of Barriers 

A method of obtaining external attenuation is to use a 
barrier, e.g. a brick wall, between the transformer and the 
location at which it is desired to limit the noise. Unless 
the barrier is of infinite height and width, the attenuation 
which it produces at frequencies of a few hundred cycles 
per second can never approach that which it would afford 
if it formed one side of a complete enclosure. At these 
frequencies diffraction of the sound takes place round a 
barrier of finite dimensions. Redfearn’s mathematical 
investigation of this subject, which has been confirmed 
experimentally, shows that the attenuation obtainable 
depends upon a number of factors, the most important 
being the effective height of the barrier above a line 
joining the source to the hearer and the nearness of the 
source and hearer to the barrier. For example, take the 
case of a transformer of mean height 6 ft. situated 24 ft. 
from a 2-storey dwelling house. The attenuation with 
distance and without a barrier would be approximately 
15 db. With any but a small distribution -transformer, 
this attenuation may result in a noise level in excess of 
40 phons. Table 8 shows the estimated effect of inter¬ 
posing barriers of 10 ft. or 15 ft. height at a distance of 
4 ft. from the transformer. Values are calculated for the 
upper and lower floors of the house and for 100 and 


300 c./s., the frequencies with which we are most 
concerned. * 

The attenuation values shown in Table 8, which are 
additional to that due to distance, may be just sufficient 
to bring the E.L. below 40 phons. However, it should 
be noted that to obtain these values the width of the 
barrier must be such as to put the house completely 
within the sound shadow. The same object may be 
attained by making the barrier three-sided. It is seen 
from the Table that the attenuation to the upper floors 
is less than to -ftie lower, whereas usually quieter con¬ 
ditions are desirable for the upper than for the lower 
floors. Further, it is seen that a 50 % increase in barrier 
height increases the attenuation by only 4 db. Also, the 
presence of a*barrrer increases the E.L. in the opposite 
direction, which is a limijkation to its general usefulness. 
The general conclusion is that a barrier may be useful in 
pg.rticular cases,'*where a small attenuation in one direc- 


Table 8 


Barrier height 

Floor 

Freqiieacy 

Attenuation 

ft. 


c./sec. 

db. 

10 

Ground 

100 

10 

10 

Ground 

300 

15 

10 

Upper 

100 

7 

10 

Upper 

300 

10-5 

15 

Ground 

100 

14 

15 

Ground 

300 

18-5 

15 

Upper 

100 

11-5 

15 

Upper 

300 

16 


tion only is required. However', for large attenuations 
and especially for attenuation in all directions, it is 
uneconomic. 

(e) Penetration of Noise into Buildings 

The final attenuating factor in the sequence from source 
of noise to hearer in transformer-noise problems in 
residential districts is the attenuation provided by a 
house. The difference between the intensity incident 
upon the outside of a house and that within a room 
depends upon the area of the opening of a window and 
the amount of acoustical absorption within the room. 
Where windows are closed the attenuation depends on 
the total window area and thickness of glass. Redfearn’s 
investigation has covered these questions; and his con¬ 
clusions, which will be given in detail elsewhere, are that, 
according to the amount of absorption present and the 
window-opening area, attenuations up to 15 db. are 
possible. It is fortunate that where most attenuation is 
needed, i.e. in bedrooms, the absorption is usually greater 
than in other rooms, and values of 10 db. are found in 
practice for open windows, which must generally be 
assumed. For closed windows, the attenuation may rise 
to 15 or 20 db. . 

(6) CONCLUSIONS 

The paper describes the many factors which determine 
the noise emitted by a transformer installation, from 
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which it is seen that there are many theoretically possible 
methods of abatement. However, owiilg to limitations 
arising out of electromagnetic, thermal and construc¬ 
tional considerations, all of which are subject to the 
important question of cost, comparatively few of the 
possible methods are practicable. Recent research, both 
theoretical and experimental, together with practical 
experience, has placed the subject on a quantitative basis. 
This not only gives an assurance that the noise can be 
limited to the desired figure but means that the results 
obtainable by alternative methods can l?e predicted, and 
this is the first essential to ascertaining the most economic 
method. 

In the problem of noise in residential districts, there 
are always two helpful factors present m*some degree, 
namely distance and the attenu 3 ,tion afforded by a house. 
What is necessary beyond this to ensure at the he*arer's 
location a reasonable degree of comfcftrt in respect ^f 
noise may be effected by one or other of the methods 
discussed. Where a substation building or other en¬ 
closure is required for reasons other than noise limitation, 
consideration of the design of the building from an 
acoustical standpoint may indicate a comparatively* 
simple and inexpensive solution. If a building is not 
necessary apart from the question of noise, the method 
of noise limitation by absorbers within the transformer 
tank has many points in its favour. The transformer 
and the tank, apart from a few internal fittings, are of 
standard design and no special installation requirements 
arise. No interference is occasioned with normal methods 
of cooling or with electrical connections. Although a 
tank larger than normal, with additional oil, is required. 


the extra cost and s|)ace occupied are small compared 
with the cost of, and land required for, a building. The 
absorber method is applicable with any form of cooling 
and there is appai'ently no limit in regard to size of 
transfoi'mer that can be dealt with. The other method 
applicable to large tx'ansformers is that of enclosing the 
tank and coupling it flexibly to outside radiators. For 
lai'ge noise-reductions the building needs to be sub¬ 
stantial, and a very large building is required for large 
high-voltage transformers. 

The foregoing discussion of the problem of transformer 
n(?ise, from source to hearer, illustrates the importance of 
taking a comprehensive view of the subject, comprising, 
in addition to normal engineering considerations, acousti¬ 
cal principles which are accepted in physics but which are 
not widely known in engineering. It is onl)^ by taking a 
broad view that misdirected effort may be avoided and 
the future progress of the subject prcxmoted. 
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DISCUSSION BEFORE THE INSTITUTION, 28TH MARCH, 1940 


Prof. R. O. Kapp: I should like to deal with the 
fundamental question of why we know now with so 
much assurance that transfoimer noise is due to 
magnetostriction. This was not by any means appre¬ 
ciated even in 1935, when a thorough search of world 
literature and the pooled knowledge of a most repre¬ 
sentative E.R.A. Committee brought to light only 
two papers on the causes of transformer noise, one 
published in the U.S.A. in 1931 and the other in this 
country in 1933; both these papers took it for granted 
that the cause was vibration of cores and stampings. It 
is true that it was appreciated at that time that magneto¬ 
striction must have some eflect, and I saw an American 
patent specification which indicated such a suspicion; but 
tlje practical recommendations of these two papers and of 
a third which was published in 1936 were all based on 
what we now know to be the erroneous assumption that 
tightening-up core plates and similar mechanical work 
would reduce transformer noise substantially. Gur pre¬ 
sent Imowledge is primarily based on objective analysis 
of the sound. 

Why should we be so sure that transformer noise is 
mainly due to magnetostriction and not to bodily move¬ 
ment of plates or coils ? The presence of even harmonics 
is one of the clues, but Dr. Swafiield’s work gave more 
solid evidence than that. Fie measured the magneto¬ 
striction curve of the iron used, and found that the whole 
change of dimensions was very small, of the order of a 


few hundred-thousandths of an incli in the case of a 
transformer of commercial size. He calculated the sound 
intensity that might be expected at a given distance from 
the transformer at each frequency if these very sma,ll 
changes in dimensions were the only cause, and found 
that the calculated value was of the same order as the 
observed value. The discrepancy which lie noticed 
between the calculated and measured curves is not all 
due to experimental error. It is chiefly a measure of 
noises due to other causes, and proves that these are not 
negligible. 

Another proof that the noise is mostly due to magneto¬ 
striction was obtained with two thin rings. Dr. Swaffield 
took two very thin coils, with which at 50 c./s. there was 
too little area to give an appreciable noise, and mounted 
them one at each end of a copper cylinder. The noise 
generated was found to be similar to that emitted by a 
complete core of stampings having the same dimensions. 

Some 4 years ago Dr. Desch, of the National Physical 
Laboratory, suggested to me that there was px'obably 
such an effect as magnetostriction hysteresis, but this 
had never been proved, the reason being that there was 
no available technique. A point-by-point d.c, method 
was adopted by Dr. Swaffield, and the small displace¬ 
ments which are involved in magnetostriction were 
measured by means of a Lamb’s extensometer, a very 
accurate but simple device which was manufactured at 
University College, London, for £15. Approximately a 
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movement of one ten-millionth of an inch, or 0 • 4 % of 
the total movement, could be measured. Fig. A shows 
the hysteresis loop plotted against H, and Fig. B shows 
it plotted against B to eliminate magnetic hysteresis. 
The slight lopsidedness also observ^able in Fig. 1 of the 
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paper before us is, I think, not accidental. For it is 
also found on curves obtained by Mr. Alexander with a 
totally different technique. I cannot explain this lop¬ 
sidedness. It may provide a clue to some fundamental 
property of magnetism. 

Mr. C. W. Marshall: The study of transformer noise 
has gradually become intensified, largely because of the 
attitude of the public towards the growing practice of 
building transforming stations, particularly outdoor ones, 
in the vicinity of habitations, It may therefore be of 



Fig. B 


interest to give a brief account of some of the experience 
of this subject gained by the operation of the grid. 

When the grid scheme was planned it was made a 
primary requirement that the operation of the trans¬ 
formers should be as silent as possible. Since that time 
696 transformers, of an average capacity of 17 MVA each, 
have been in service for a period which may be expressed 
as about 6 000 transformer years. 15 complaints of noise 
have been registered, of which rather more than half have 
come from S.E. England—and mainly from districts near 
London—where only 34 % of the transformers are 
situated. This fact is in accordance with a generally 
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accepted view that the effects of noise depend at least 
as much on th* characteristics of the listeners as on the 
nature and intensity of the noise. Apart from such 
psychological difficulties there was the technical one, that 
no means of accurately measuring noise was available. 
Initially, improvised methods of measuring, or at least 
estimating, noise levels had to be used, e.g. the distance 
from a transformer at which the noise emanating from 
it became inaudible or the time required to mask the 
sound from a tuning fork by means of the noise from 
the transformer, were criteria by which the relative 
“ noisiness " of similar transformers could be estimated. 
Such methods were unsatisfactory, and when Mr. 
Churcher produced a good subjective noise-meter it put 
an end to tire usd of improvisations such as those men¬ 
tioned above. The subjective noise-meter has now given 
place to the objective instrument, which makes noise 
yieasurements ^s simple and convenient as light-intensity 
measurements. We are therefore in a satisfactory posi¬ 
tion for determining the noise output of an 3 :^ transformer. 

In dealing with certain of the complaints mentioned 
above it w’-as deemed necessar^^ to take steps to reduce 
the noise emitted from certain of the transformers. The 
noise-reducing measures included lagging of transformer 
tanks, use of anti-vibration foundation pads, provision of 
stiffeners on tank surfaces, and substitution of natural 
cooling for forced .cooling. While these modifications 
were effective, it has to be recognized that the expendi¬ 
ture involved is large compared wdth any benefit derived 
from the modifications. In my opinion, therefore, it is 
in the interests of both transformer manufacturers and 
users to get together and establish what are considered 
to be reasonable noise-levels for transformers of different 
types and capacities. 

Mr. E. T. Norris: The authors devote a considerable 
portion of the paper to dealing with the masking effect 
of background upon the nuisance value of transformer- 
noise. The theoretical methods of dealing with masking 
depend upon both noises being of exaetty the same type, 
though in actual practice they very rarely are the same; 
and the human ear, fortunateL'^ or unfortunately, is 
e.xtremely sensitive in discriminating between noises of 
different types. When a transformer is installed near a 
residence occupied b^?- a placid, philosophic individual he 
will automatically in a short time reject the noise that is 
a nuisance and it will cease to trouble him; on the other 
hand, a nervy or highly-strung person is just as likely to 
go to the other extreme and select that noise and hear 
nothing else. ' Variations on that account, in my experi¬ 
ence, almost obscure variations in the actual noise vglue 
(in phons) of the transformer. An interesting example of 
' this effect is given in a recent paper on electric organs^''- 
where Messrs. Winch and Midgley stated that a noise-—or, 
as they would call it, of course, a musical note—^was 
unmistakably changed by the addition of a harmonic (i.e. 
another noise) which b}?’ itself was quite inaudible. These 
remarks be summed up by saying that if a complete 
statistical analysis could be made of all transformers in 
service, both noisy and quiet ones, the correlation coeffi¬ 
cient between noise and complaint would be found to be 
practically zero. This, of course, must not be taken to 

* G. T. Winch and A. M. Midgley: “ Electronic Musical Instruments and 
the Development of the Pipeless Organ," Jotmml I.E.E., 1S40,87, p. 517. 
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suggest that methods of noise reduction such as the 
authors describe are unnecessary. t 

The authors in some cases underrate previous efforts 
in the field of noise reduction. In particular, the work 
of the E.R.A. (to which Prof. Kapp has referred) in 
establishing that magnetostriction is not merely a cause 
but the principal cause of transformer noise, has been of 
great value to transformer designers and manufacturers 
in rendering unnecessary many attemp.ts at improvement 
with which they might otherwise still be concerning them¬ 
selves. The authors make arbitrary* and incorrect 
assumptions regarding the method of noise reduction 
mentioned in Section (4)(/) and use these assumptions to 
deduce that the method is ineffective. The values given 
in the reference they quote, which weire ob*tained by an 
independent authority, show a reduction from an average 
value of 86 phons (Fig. 2) to 69 phons, i.e. 17 piions, 
which is very nearly what the authors themselves claiiji 
as being reasonable commercially to-da^^. Yet this 
improvement was achieved in 1931,'’' and much better 
results are naturally possible to-day using the same 
principle. 

I should like to ask whether the authors have yet 
their method of noise reduction to large trans¬ 
former units. There would seem to be no limitation in 
this respect, but the paper refers to experiments on units 
of 60 and 400 kVA, and there are relatively few noise 
complaints in that I'ange of size. I have been concerned 
with transformer design for a good many years, and I 
cannot recall a complaint relating to a transformer of less 
than 1 000 kVA, though there have been a few instances 
where noise complaints were anticipated and special pre¬ 
cautions taken in the design and construction of the 
transformers. 

Mr. N. Fleming: I propose to discuss solely the 
reduction of noise achieved by enclosing the transformer 
inside a building. A great deal of information is avail¬ 
able from the work of the N.P.L. and other similar 
laboratories on the sound-reduction afforded by walls 
and partitions of various types of construction. In using 
such data to design sound-insulating enclosures, several 
factors have to be taken into account. As the paper 
emphasizes, alternative paths of low insulation must be 
avoided; a badly-fitting door, even though providing 
adequate insulation in itself, may seriously impair the 
overall insulation of the building. Ventilators, when 
required, may necessitate special acoustical treatment. 
In estimating the sound reduction to be expected from 
any given type of construction, it is, of course, necessary 
tct take into account what the authors have termed the 
build-up effect. The magnitude of that efiect can be 
calculated approximately on the ordinary reverberation 
theory, and where no special care is taken to provide 
sound absorption within the building the effect may be 
a loss of insulation of the order of 10 or 15 db. It is 
often desirable, therefore, to provide such sound absorp¬ 
tion in the enclosure. 

Another point which requires special consideration is 
the use of double partitions. These in general have a 
greater sound-insulation value than single partitions of 
the same weight, and so they may sometimes have 
advantages; but they have comparatively marked selec- 

* E. T. Norris; “Noise in Power Transformers,” Engineer, 1933, 155, p. 446. 


tive transmission, i.e. at certain frequencies they show 
very low sound insulation, and it may happen that such 
a low value may occur within the range of frequencies 
which are significant in transformer noise. For instance, 
a double window consisting of two sheets of 21-oz. glass, 
1 in. apart, has an insulation value of about 30 db. at 
500 c./s.; but at 200 c./s., where the minimum occurs, the 
sound insulation is only of the order of 10 db. If parti¬ 
tions of this nature are used, therefore, they should be 
properly designed in relation to the particular noise 
against which insulation is required. 

^Ir. A. G. Ellis: Much of the value of this paper lies 
in the fact that it is a record not merely of laboratory 
experiments but also of full-scale experiments. In such a 
problem, while laboratory experiments provide very good 
guidance as to the trend of development, definite conclu¬ 
sions applicable to practical designing can be satisfactorily 
drawn only from full-scale experiments. An example of 
this is to be found in Table 6. The tests on the small 
cemented ring core were very promising, but they were 
not substantiated by tests on actual cores of the types 
and sizes used in practice. 

The information available now bears not only on the 
design of transformers but also on the design of installa¬ 
tions, and it has been fairly well established that the 
design of the installation is at least as important as, if not 
more important than, the design of the transformer itself. 
As has been remarked, complaints of noise are relatively 
rare, and actual complaints may depend largely on the 
nature of the residential property and the tenants of the 
house. Speaking generally, I do not think that there is 
much demand for that perfect and uncommercial article, 
the silent transformer, although our efforts are still in 
the direction of providing it. 

The question of establishing average noise-levels to 
which to work has been before us for a good many years, 
and I have always j)leaded for time to collect sufficient 
data from experience. We are now arriving at the time 
when some such levels should be accepted for general 
working purposes. It is a difficult matter even at present 
to establish definite guarantees, because, as the authors 
point out, the results obtained on similar transformers 
built to the same drawings may vary by as much as 
10 phons. If we do establish any form of acceptance- 
level guarantee, however, I think that we should avoid 
fixing figures involving a large tolerance. For example, a 
15 % tolerance is apt to be regarded with disfavour by 
purchasers of electrical apparatus. What is really re¬ 
quired to be established is a tolerable level of noise where 
quietness is of real importance, as in residential districts, 
transformer substations in office buildings and so on. 
For these cases a level of 40 phons seems to be generally 
acceptable; beyond that the noise may become a nuisance. 
An upper limit of, say, 90 phons might also be fixed, 
beyond which no transformer should be tolerated. 

As regards the question of proving transformer noi.se to 
be due to magnetostriction, it is probably a good thing for 
the industry in general that this was not done earlier, 
because the result has been that transformer designers 
have had to investigate every possible source of noise. 
I do not think that there is much more that designers 
can do fundamentally until a better steel is produced, 
with very low magnetostriction; and the data available 
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in the paper and elsewhere on this matter are very 
scanty. 

Referring to such an installation as is shown in Fig. 7, 
the level of the noise emitted by the radiators may still 
be higher than that required in quiet neighbourhoods, 
and in addition, if there is fan cooling, there is the noise 
of the fan. This latter has been avoided by substituting 
natural-draught chimney coohng for fan cooling; it is 
possible to avoid very high and rather unsightly chimneys 
by using the normal type of radiator. 

The authors refer to the idea of burying the transformer 
underground. Burying a large transformer not onlf^ 
eliminates noise trouble but also makes the transformer 
proof against air-raid damage. The A.R.P. recommenda¬ 
tions dealing with large outdoor transformers involve the 
building of walls round the transformers, and that will 
offset to some extent the cost of bur 3 nng. The suggestion 
might well be examined further. 

Mr. H. M. Lacey: I should like to endorse the remarks 
that Prof. Kapp has made as to the value of the work 
done by Dr. Swaffield. His work on the causes df trans¬ 
former noise, and particularly the part played by mag¬ 
netostriction, has established the matter on a quantitative 
basis. As an illustration of this, the curves of Fig. 2 of 
the paper are very illuminating. In Dr. Swaf&eld’s 
formula for the sound pressure due to magnetostriction 
at a given point, the linear dimensions of the core occur 
to the third power. The kVA of a transformer is known 
to be proportional to the fourth power of the linear 
dimensions, and consequently the sound pressure should 
be proportional to the three-fourths power of the kVA. 
Thus if the outputs of two transformers differ in the 
ratio of 10 to 1, their outputs of noise should differ by 
7 • 5 db. Reference to Fig. 2 shows that the three curves 
for 600, 5 000 and 50 000 kVA are, in fact, roughly 
parallel and separated by approximately 7 ■ 6 db. The 
fact that the curve for 50 kVA does not conform to this 
rule can be explained on the grounds that the linear 
dimensions would be less than the wavelengths of some 
of the components of the sound, and that consequently 
a transformer of this size would not be so efficient a 
radiator as those from 500 kVA upwards. 

Reference has beeir'made in the discussion to the 
necessity of collecting many data before reasonable noise- 
levels for various sizes of transformers can be established. 
The simple rule just stated should greatly simplify this 
work, because the establishment of a permissible noise- 
level for any one size of transformer automatically fixes 
the corresponding values for all other sizes. 

The possibility of building a noiseless transformer by 
using core material having zero magnetostriction is 
interesting, although the suggestion is not new. Schulze* 
published data in 1927 showing that an aUoy of nickel and 
iron having 81 % nickel had zero magnetostriction, and a 
year later the same authorf showed that an aUoy of 
silicon and iron having 4 -45 % silicon had positive mag¬ 
netostriction, whereas a similar alloy having 8 • 37 % 
silicon had negative magnetostriction. Thus, the possi¬ 
bility of manufacturing a silicon steel having zero 
magnetostriction is suggested. An interesting feature of 
such materials is that the composition which gives zero 

* ArcMvfUfElektrotechnih,W27,i8,-p.68S. 

t Zeifschriftfilr Physih, 1928,50, p. 448. 


magnetostriction also gives minimum loss. This signi¬ 
ficant fact is impfrtant to transformer designers, since it 
implies that low iron loss would not have to be sacrificed 
should a material having zero magnetostriction and 
satisfactory mechanical properties be discovered. 

Dr. E. Billig: I should like to confirm from my 
own experience most of the points the authors make, 
especially with regard to their practical results on trans¬ 
formers. In particular, our experience confirms that 
hardly any noise is generated by a transformer on short- 
circuit, even unddlr full-load current conditions. All the 
noise originates in the core. Like the authors, we have 
found that clamping pressure has hardly any bearing on 
the amount of noise. 

There are a few points in the paper which need explana¬ 
tion. Concerning the effect of silicon content on the 
magnetostriction, the authors show in Table 3 that 0*2% 
silicon steel gives a magnetostriction value of 0 • 9 whereas 
4 • 5 % sihcon steel gives a figure of 1 • 3; but in Table 4 
it is shown that under the same conditions the steel with 
the lower silicon content and the smaller magnetostriction 
gives a noise level of 39 phons as against 36 for the 4 • 0 % 
^licon steel. Mr. Lacey has referred to the interesting 
fact that the content of silicon which gives the least 
amount of magnetostriction at the same time gives the 
smallest loss. I rather doubt whether the use of such 
a high silicon content provides a practical solution; we 
know that the brittleness of the steel rises rapidly with 
the silicon content. 

As regards Fig. 2, it would be interesting to know 
whether the tests were carried out on a complete trans¬ 
former. It is unfortunate that the dimensions of the 
ring cores are not stated in Table 2. 

Fig. 1 shows that the relation between magnetostriction 
and flux density is roughly parabolic. Magnetostriction 
could perhaps be explained in terms of an elastic deforma¬ 
tion due to the magnetic strain set up in ferromagnetic 
materials. The magnetic pull is proportional to the 
square of the induction. Worldng out the amount of 
magnetostriction to be expected on these assumptions, 
one arrives at values approximately in accord with Fig. 1. 
From elementary principles, the longitudinal strain is 
given by 

- 

^ 4Trl0® . g . -E 

where B = induction, in gauss; g = 981 cm. per sec. per 
sec.; E — modulus of elasticity = 2 x 10® kg. per cm?, 
for steel. The lateral strain is jS = ajm, with m — Pois¬ 
son’s modulus = 3‘44 for steel. Allowing for the corner 
pressibihty (c), the lateral strain becomes 


Alterations of 
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^ might be responsible for the 


peculiar shape of the magnetostriction curves ahown by 
Prof. Kapp. 

On page 642 the authors give some very interesting 
calculations of the amount of noise to be expected from 
a transformer of a certain size. For their example they 
assume an amplitude of vibration of 0-0001 in. With n 
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magnetostriction value of 1 in 10® for 10 000 gauss, the 
linear dimension must be 100 in. In |tlie paper it is 
stated that most of the noise comes from the flat sides 
of the core and not from the corrugated ends. This is 
quite in agreement with our experience, but it means that 
to get a value of 70 phons the core stack in this example 
would have to be about 100 in. high, which is obviously 
wrong. It seems, therefore, that the amount of noise in 
a transformer cannot—even in order of magnitude—be 
explained by magnetostriction alone.* 

To investigate this point we have aarried out some 
simple experiments on ring cores. They were magnetized 
to saturation and the amount of noise generated was 
measured by an objective noise-meter. We found that 
the noise from a complete ring core could hardly be 
heard. The rings were now.^cut radially, and little 
difference could be detected in the noise. Then n gap 
of was cut in the core, and again we could not 

hear much noise. Finally, the core plates were assemblSd 
with the gaps not lined up but with each alternate plate 
turned round'through 180°, thus imitating an interleaved 
core of rather poor assembly. Here the noise started. 
This gave us the idea that a good deal of the noise? 
emitted by a transformer must come from the joints, and 
that if mechanical movement of the plates in the gap is 
not stopped the core will tend to be rather noisy. The 
reason why we did not hear much noise when the gaps 
were all lined up is simply that the core was too rigid 
to follow the magnetic pull; but immediately the gaps are 
interleaved cross-fluxes pass from one plate to another 
and set up lateral movements giving higher noise-levels. 
This, too, shows the importance of building up cores from 
a small number of plates per packet only. The method 
the authors use for cementing their cores probably owes 
most of its success to the fact that it prevents movement 
of the type I have described. 

The absorber shown in Fig. 3 consists essentially of 
a double-wall partition. From the theory of double 
partitions it is well known that it is essential to avoid 
bridging effects at the edges. It would seem that in the 
transformer design shown the partition is bridged above 
and below the absorber by the oil, thus transmitting 
the noise to the tank, unless perhaps the vibrations are 
propagated nearly in a straight line within the trans¬ 
former tank. 

Mr. J. S. Forrest : In iirvestigating transformer noise 
from the point of view of the user, it was necessary for the 
Central Electricity Board to make a survey of the noise 
levels of a large number of existing transformers in order 
tg) determine what constituted the best of present 
practice. The next step was then to ensure that new 
transformers were at least as good as the best existing 
plant. For some years slow progress was made owing 
to lack of quantitative data, but in 1937 we developed 
a standard and convenient measuring technique making 
use of an objective noise-meter, and thereafter progress 
was more rapid. The meter was constructed in accord¬ 
ance with the American Standards Specification, and the 
procedure consisted of making a large number of measure¬ 
ments—say, 30 observations—round the transformer 
tank at a distance of 6 in. from the tank, the height of the 
observations being about 5 ft. above ground. The arith¬ 
metic mean of the readings so obtained was taken to be a 


measure of the noise emission and was termed the 
“ average surface noise-level.” After considerable experi¬ 
ence with this method, we are satisfied that it is the best 
for general use, both on site and in the transformer shop. 

The curves shown in Fig. C have been based on a large 
number of measurements made on site. Recently, 
measurements have been made on new transformers at 
the makers’ woi'ks, and the results of some of these 
measurements are also shown in Fig. C. The figures 
given for the 10-MVA transformer are of interest. The 
higher reading was obtained when the transformer was 
o;perating on even taps, and the increase of 4 phons is due 
to the noise from the tap-changing reactors. It will also 
be noted that the 15-MVA transformer, which was Scott- 
connected, was unusually quiet. Both these trans¬ 
formers had passed the usual works inspection and tests 
without comment, and it was only the quantitative noise 
test which made these abnormalities apparent. 



Fig. C 

Tests made on site- 

Tests made at works Q 


"With regard to the test procedure, it is indicated on 
page 541 that the authors use a similar technique to that 
just mentioned, with the exception that their measure¬ 
ments are made at a distance of 1 m.. from the tank 
surface. The exact distance at which these measure¬ 
ments are made is not of great importance, but it is 
desirable that some procedure should be standardized. 
We found it better to make the measui'ements as close 
as possible to the tank, in order to reduce the effect of 
background noise. In this connection, it is interesting 
to compare the curves given in Fig. 2 of the paper with 
those of Fig. C. The agreement between the two sets of 
results is moderately good, although the authors’ figures, 
especially at low flux-densities, are higher than those 
given in Fig. C; the discrepancy may partly be accounted 
for by the difference in the method of measurement. 

I am interested in the authors’ work on internal 
absorbers, and, like Mr. Norris, I should like to have their 
views on the application of this method to large 
transformers. 

As regards the variation of noise with distance from 
the transformer, the 6-phon rule given in Section 5(b) 
must be used with caution, as wide divergencies from the 
simple propagation law are commonly experienced. For 
example, in a particular case the noise at a distance of 
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40 yd. from the transformer was found to increase with 
the distance. In addition, a complaint has been received 
of noise due to a transforming station at a distance of 

mile; this complaint is not a frivolous one, and the 
noise on the complainant’s premises seems to be intensi¬ 
fied by stationary-wave and resonance effects. 

Finally, although it is probably not practicable to 
specify a noise level for large transformers below which 
no complaints will occur, it would certainly be helpful 
to both manufacturer and user if accepted quantitative 
standards of noise emission were available, and I suggest 
that the time has now come when such standards can and 
should be specified for a range of transformer sizes and 
flux densities. 

Mr. R. S. Dadson: I should like to ask the authors 
whether they could give some details as to how the figure 
of 40 phons, which they give in Section (2) as being the 
level at which complaints of transformer noise are liable 
to be made, has been arrived at. This question of the 
■“ dividing line ” appears to me to be one on which further 
information is greatly needed, on account of the im¬ 
portance it would assume if it were proposed to accept 
noise measurements as a criterion of the annoyance values 
of transformers. A year or so ago I had the opportunity, 
in collaboration with Dr. Swafiield, of visiting transformer 
substations in coimection with which complaints had 
occurred. I gained the impression that there was con¬ 
siderable variation in the extent of the complaints made, 
■even in the case of substantially similar installations 
almost identically situated in relation to the residential 
property concerned. 

It may be of interest to mention briefly some of the 
means adopted by the supply authorities to overcome the 
trouble. There were cases where comparatively simple 
screens, or soundproof covers, had successfully reduced 
the noise to a level sufficiently low to avoid complaints. 
Cases were also met where complaints had been made of 
the noise issuing from the transformer house through 
ventilating louvres, which had been successfully dealt 
with by covering the louvres with absorbent ducts con¬ 
taining numerous layers of absorbent material arranged 
parallel to the length of the duct. 

The authors deal only with the core type of trans- 
foi-mer, and do not give any details regarding the radial- 
shell type. In the course of the visits which I have just 
mentioned, it appeared that many transformers of the 
radial-shell type were unmistakably quieter than the 
core type of transformer of corresponding dimensions 
and performance. It would seem to be worth while to 
investigate the reason for this, and it would be interesting 
to see whether any light would be thrown on this aspect of 
the problem by the magnetostriction theory of trans¬ 
former noise. 

With regard to the calculations on the subject of 
barriers, I hope that Mr. Redfearn’s work will be pub¬ 
lished as soon as possible. The point is of importance 
since the calculation of the screening due to barriers com¬ 
parable in size to the wavelength of the sound involves 
the consideration of intricate diffraction effects which are 
•often intractable by elementary methods. It is necessary 
to bear in mind, also, that screening effects may be pro¬ 
foundly modified by the presence of any other objects of 
appreciable size in the neighbourhood of the transformer. 
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such as buildings, other transformers, fences and the like. 
In such cases ifS^is unlikely that the efiects of barriers could 
be calculated with any degree of accuracy, 

Mr. W. Alexander: The curve in Fig. 1 appears to be 
almost identical with one obtained by Dr. Swafiield and 
myself in 1937, during a research on the magnetostrictive 
properties of transformer steel, which was carried out for 
the E.R.A. Dr. Swafiield was, at that time, investigating 
the question of noise in transformers, and my own interest 
was entirely in the magnetostrictive properties of the 
material tested. The method employed was that of 
Lamb’s roller extensometer; it gave excellent results, but 
was found for certain reasons to be unsuitable for obtain¬ 
ing rapid measurements on a large number of samples. 
On account of these limitations I developed a method of 
measurement embodying an entirely different principle. 
A piezo-electric indicator was used for obtaining directly, 
Qscillograms of* the magnetostrictive movement on a 
basis of either flux density or magnetizing force. With 
the earlier method, information regarding “ magneto¬ 
strictive hysteresis ” was obtained only after a great deal 
of labour had been expended in determining many indi¬ 
vidual points. The latter method obviated such a 
laborious procedure. 

The desirabihty of such an improved method is evident 
when it is considered that the obvious manner of over¬ 
coming noise due to magnetostriction is to develop a 
material which shows no magnetostrictive effect. In the 
process of development numerous samples would have to 
be tested. As is pointed out in the paper, certain iron 
alloys, namely nickel-iron (or Permalloy) and silicon-iron 
alloys, having various percentages of nickel or silicon, do 
show negligible magnetostriction, and according to the 
theory developed by McKeehan the magnetic property 
of high permeability at low values of magnetizing force 
is directly due to this “ cancellation of magnetostriction.” 
The figure of 6 % to 6 ■ 5 % of silicon in the alloy men¬ 
tioned, is in fair agreement with the figure of 7 % obtained 
during tests by A. Schultz in 192 8. The authors observed 
that the noise from the 6 % silicon-iron alloy was greater 
than that from the 4 % alloy, and this can only be due to 
the fact that the magnetostrictive properties of any 
sample of alloy depend, to a certain extent, on its previous 
magnetic and mechanical history, which might con¬ 
ceivably be very different from that of the samples used 
by previous investigators. It would be interesting to 
know whether the authors made any measurements to 
ascertain whether or not zero magnetostriction was 
approached in the sample actually used for the noise 
tests. It was due to the above factor that magnetostric¬ 
tion measurements were made on samples from the batch 
of stampings used by Dr. Swaffield for the noise 
measurements. 

I would add that the concluding paragraph to Sec¬ 
tion (4) of the paper is rather unhappily worded. Until 
the effort has been made to find an alloy which has no 
magnetostriction, with suitable magnetic and mechanical 
properties, there is no possibility of eliminating noise due 
to magnetostriction in transformers. The presence of 
points of inversion from positive to negative magneto¬ 
striction as the percentage of nickel and silicon is changed 
in permalloy or stalloy shows the probability of this 
effect being common to many of the iron alloys, such 
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as iron-aluminium, iron-cobalt, etc. Since little is yet 
known of the magnetostrictive properties hi these alloys, 
this leaves the field of investigation almost unlimited. 

Mr. C. A. Mason: In the paper a figure of 40 phons is 
quoted as the maximum transformer noise level which 
can be tolerated outside residential property, and this is 
confirmed by my own experience of a figure in the region 
of 40 to 46 phons. In cases where complaints have been 
very severe we have made measurements inside premises 
and have found the noise level to be ii; the region of 
30 phons. In general, I would suggest that conditions 
where the noise level due to transformers exceeds 15 phons 
inside premises where quiet conditions are required, such 
as in bedrooms, will form the source of^a copiplaint. It 
is considered that the figure of 30 phons quoted by the 
authors is too high. ’• , 

I note from Fig. 2 that a reduction of ojily 20 phons is 
obtained by reducing the flux density from 14 000 to 
9 000. This agrees very well with my own experience 
of measurements which have been made over a range of 
flux densities on transformers ranging from 18 000 kVA 
downwards. It is evident that any large reduction of 
noise by this method is entirely uneconomic. In the case 
of large transformers, however, it is often an advantage to 
reduce the flux density, even if only by a small amount, in 
order to get a small reduction in noise, which, when com¬ 
bined with other methods, giving small reductions at the 
same time, will give a useful overall reduction. 

I note from Table 7 that the authors have tried the 
effect of resiliently mounting the core and coils in the 
tank. I have carried out a number of similar tests on 
commercial transformers of ratings up to 500 kVA and 
have measured noise-reductions up to a maximum of 
6 phons by this method. The reduction, however, was 
not general; in some cases no reduction at all was noticed. 
It would therefore appear that most of the vibration 
reaching the tank surface is transmitted by the oil and 
that only a small part is transmitted by direct contact 
between the core and tank. Tests have also been made 
in which resilient material was used to line the inside of 
the tank, the theory being that this might absorb vibra¬ 
tions in the oil and prevent them reaching the tank walls. 
No conclusive results were obtained, however, and these 
tests were abandoned as producing no useful noise reduc¬ 
tion. I am also in agreement with the authors’ con¬ 
clusions regarding the lagging of the outside of the trans¬ 
former tank with sound-absorbent or other materials in 
order to reduce the noise. It would appear that the 
energy in the vibrations reaching the tank is large and 
that any increase in the mass of the tank which is 
obtained by such lagging, even with concrete, is not 
sufficient to reduce the amplitude of these vibrations by 
any appreciable amount which would cause a useful 
reduction in the resulting noise. 

In making noise measurements on transformers the 
effect of distance is of considerable importance. The 
authors’ conclusions that the noise decreases by 6 phons 
each time the distance is doubled agrees with our own 
observations. In some cases the attenuation is a little 
greater than this, particularly with outdoor transformers 
which are situated in open country. In such cases the 
absorption due to the ground and such things as turf or 
small trees appears to exert considerable influence on the 


noise reduction. On the other hand, where a transformer 
is situated in a residential district, the reduction is often 
a little less than 6 phons owing to reflection from hard 
ground and surrounding property. 

At this stage I should like to raise the question of 
standardizing the distances at which iroise measurements 
should be made on transformers. I understand that it is 
the practice of some authorities to take measurements 
very close to the tank. Such measurements, however, 
often give results which are rather misleading when con¬ 
sidering the amount of noise which is likely to be picked 
up at a distance from the transformer large in comparison 
with its dimensions. Accordingly, it would appear to 
be more useful to take measurements at distances from 
the transformer which are at least as great as the dimen¬ 
sions of the transformer, if not considerably greater. I 
should much appreciate the authors’ opinion on this 
point, 

I should like to emphasize the fact that when a trans¬ 
former tank is coupled to an external cooling radiator by 
means of a pair of pipes, the noise appears to come 
, entirely from the tank, that from the radiators being 
negligible. It also appears that flexible connecting pipes 
are not necessary. Using transformers of such a design, 
sound insulation boxes have been made and it has been 
found that reductions of the order of 20 to 25 phons are 
easily obtainable. The design of such boxes consists of 
an interior lining of sound-absorbent material such as 
Acousti-Celotex, the box itself being made of heavier 
material, usually some type of asbestos compound. The 
effect of brick enclosures on such transformers has also 
been investigated, and it appears to be possible to get a 
reduction of 42 phons using a single 4|-in. brick-built 
enclosure. This reduction, however, is the measured 
reduction from the noise inside the brick chamber to 
that immediately outside. The particular brick chamber 
for which this figure is quoted was not lined on its inner 
surface with any sound-absorbing material, and accord¬ 
ingly the building-up effect which is mentioned in the 
paper was present. The amount by which the sound was 
increased inside the chamber by this effect was of the 
order of 10 phons in this particular case. Accordingly, 
the net effect of the enclosure would be to reduce the 
transformer noise from that which would be experienced 
when the transformer is operating under free-space con¬ 
ditions by about 30 phons only; with a reduction of this 
order, however, it was still impossible to detect any noise 
whatever from the cooling radiators, which were mounted 
outside the brick chamber and connected to the tank by 
rigid pipes. The question of the amount of sound con¬ 
tributed by vibration in the radiators has always been 
doubtful, but from theoretical considerations it would 
appear that in view of the small dimensions of the cooling 
radiators they could not transmit sound of the long wave¬ 
length which is in question except with the poorest 
efficiency. In my opinion the sound contributed by the 
radiators can be ignored even when the radiators are 
bolted directly to the tank., I should like to have the 
authors’ opinion on this point. 

These views are supported by a number of tests which 
have been carried out on cooling pipes on transformer 
tanks; in many cases where cooling pipes have been. 
noticed to be vibrating, steps have been taken to prevent 



661 


OF TRANSFORMER NOISE: DISCUSSION 


such vibration entirely by suitable clamping, but there 
has been no appreciable change in the resulting noise level 
from the transformer unit. 

Mention has been made of the probable sound-insulat¬ 
ing effect of kiosks which are used to house small 
distribution transformers. Tests have been made on 
such kiosks housing transformers of ratings from 100 to 
600 kVA. The measured reduction in noise level from 
that inside the kiosk to that immediately outside varied 
from 6 to 18 phons according to the position outside 
the kiosk at which the measurement was made. 'J'he 
least reduction is naturally obtained near the ventilating 
louvres, and the greatest near those parts of the kiosk 
where there are no openings. The whole question of the 
amount of sound insulation present in a kiosk appears to 
be almost entirely a function of the number and position 
of openings in the kiosk, and not of the thickness of the 
material from which the kiosk is made. The average 
reduction in noise due to a kiosk, obtained from 
measurements made at a considerable distance from a 
kiosk, amounts to about 10 phons. In view of the fact 
that enclosing a transformer in a kiosk will probably 
result in a small increase of noise level, it is reasonable 
to assume that the resultant effect, of a kiosk in redxicing 
the noise is not very great. 

"Whereas in the past it has often been assumed that 
transformer noise is due to the presence of a loose core, it 
appears that tests which the authors have made agree 
with my own conclusion that clamping of the core is 
not of major importance. I would take this opportunity, 
however, of emphasizing that this conclusion applies only 
to oil-immersed transformers. So far as air-cooled 
transformers are concerned, clamping and cementing of 
cores appears to have far more effect. One particular 
test which I witnessed is interesting as illustrating this 
point. A small 60-k'V'A 3-leg transformer core was taken 
in which the outer punclhngs of the middle leg were 
undamped and were very loose. When the transformer 
was excited in air, these loose punchings caused a rattling 
noise of such a magnitude that it completely masked the 
normal low-pitch transformer hum. With the excitation 
still on, this core was lowered into a tank of oil. As soon 
as the loose punchings were covered with oil the rattling 
noise disappeared entirely, and the only noise which could 
be heard was the usual low-pitch hum. Such a test as 
this illustrates the futility of attempting to explain 
transformer noise on the sole assumption that the core 
is not sufficiently clamped. 

Dr. J. SwafHeld {communicated ): I am very interested 
in the curve (Fig. 1) representing the relation between 
magnetostrictive strain (8^/Z) and flux density, and in the 
authors’ deductions from it. It would be interesting to 
know the method of measurement and the exact form of 
the specimen on which the curve was obtained. As 
Prof. Kapp has pointed out, this curve is practically 
identical with one which we obtained in our transformer- 
noise work for the E.R.A.; this was plotted from measure¬ 
ments on an annular specimen, with no air-gap, and the 
silicon content of the steel was 4*4 %. The interesting 
feature of these hysteresis loops on a flux-density basis 
is that they are traversed in the opposite direction to 
that normally associated with magnetization cycles. So 
far as the flux is concerned it would be more correct. 


therefore, to refer to the effect as a " time-lead ” rather 
than as a timellag. 

Apart from the effect of hysteresis, which in fact only 
introduces a comparatively small change in the wave 
form of the core surface movement, the authors suggest 
that, since hljl is not proportional to B, the variation in 
extension during a cycle is not sinusoidal. This sugges¬ 
tion is incorrect, as it does not take account of the 
frequency-doubling action of magnetostriction; it is easy 
to show that ■^re relationship of 8Z/Z to B required to 
produce a pure sine-wave motion of the core surface is 
not linear but parabolic. 

The phrase “ magnetostrictive forces ” which is used 
in the paper js apt to be misleading. Magnetostriction is 
primarily a matter of strain, not of stress; the curve of 
magnetostrictive strain fS not associated essentially with 
any forces and, if the flux cycle is traversed sufficiently 
slowly, the cycfe of movement takes place without any 
forces being induced in the core. At frequencies high 
enough to be appreciable compared with the mechanical 
resonant frequency of the core, the actual instantaneous 
strain lags behind the magnetostrictive strain owing to 
the inertia of the core. The alternating driving force 
needed to maintain the core mass in vibration is that 
associated with the mechanical strain (and hence stress) 
which is the difference between the magnetostrictive and 
the actual strains. Furthermore, the amplitude of the 
actual strain is now greater than that of the magneto¬ 
strictive strain; in other words, the core movements are 
now greater than those which would be deduced for the 
static conditions. For mechanical conditions such as 
would be associated with the main resonance in a simple 
tran.sformer core, at a frequency of/cycles per sec. the 
relation 

Amplitude of actual strain 1 

Amplitude of magnetostriction strain ~ 1 — (///q)^ 

holds for values of / well removed from the resonance 
’ frequency/ q. Thus, in general, the core vibi'atioti ampli¬ 
tude is not limited to that given by the magnetostriction 
curve, even at frequencies remote from the resonance. 
The main resonance of the core is quite likely to be as 
low as 1 000 c./s., or even lower, in a large transformer. 

I am sorry that there is nowhere in-the paper a table 
of the E.L. values of the various component frequencies 
taken frohi an actual transformer. The analysis shown 
in Table 2 (which refers to a single ring lamination) is not 
necessarily of much significance since it is the edge of this 
single lamination which corresponds to the core surface 
of an actual transformer (so far as magnetostriction effects 
are concerned), and it is absurd to suppose that any 
radiation takes place from the edges. The noise in this 
case must surely be due to the very small compound 
alternating stresses set up causing vibration of the lami¬ 
nation, in the direction at right angles to its plane, in 
many modes simultaneously. 

Nevertheless, it seems clear that the middle-harmonies 
(say, 300-800 c./s.) in a normal transformer may be 
expected to be responsible for a very large proportion of 
the total noise. Referring now to Table 3, I should like 
to emphasize the need for considering magnetostriction 
curves as a whole and not merely values of strain at 
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isolated flux-densities. To take an extrerne case, suppose 
that the magnetostriction curve were exac* ly parabolic in 
shape. All components other than the fundamental 
would then be suppressed as explained above, and the 
loudness of the noise due to magnetostriction would 
become a minute fraction of that found in practical cases 
for the same maximum strain. In this respect, if a steel 
could be produced having a parabolic magnetostriction 
curve, it might go a long way towards solving the 
problem of the generation of noise. Incidentally, it is 
not clear why the value of Sl/l for 4 % silicon steel at 
Bmax= 10 000 (given as 1-3 X 10"® in Table 3) is 
different from the value given for the same density in 
Fig. 1 (1-0 X 10-6). 

-The authors’ conclusions on the subject of noise 
emanating from the core joints'bonfirm those which we 
reached. In particular, the application of very large 

« 

NORTH-EASTERN CENTRE, AT 

Mr. E. C. Rippon; The problem of limiting noise is 
really a legal rather than an engineering one, since the • 
noise level which constitutes a nuisance has not yet been 
defined by a legal decision. In other words, no quanti¬ 
tative standard is available on which to base the noise 
level of installations. 

There are two methods of attacking the problem from 
the legal aspect. First, the transformer may be silenced 
by the use of special designs • incorporating elaborate 
soundproofed chambers. It is doubtful whether this 
ideal can be attained economically in practice. Secondly, 
the transformer installation should embody, where 
applicable, aU the known noise-abatement measures, so 
that if legal proceedings are initiated it can be said that 
every step has been taken to reduce the nuisance to a 
minimum. It would appear that this course is the only 
one open to supply undertakings at the present time. 

Apparently several cases regarding nuisance caused by 
noise have been tried in the law courts, but no legal 
decision on the noise level which constitutes a nuisance 
has yet been given. If the authors have any knowledge 
of a legal precedent, even where the case has been dis¬ 
missed, it would be of considerable interest and value to 
the industry if they would give details, with particular 
reference to the noise level of the installations concerned. 

The authors suggest from their experience that in 
residential districts the noise level immediately outside a 
house should not exceed 40 phons. This will correspond 
to.30-35 phons within a room in the house with the 
wihdows open. Whilst the problem is bound up with the 
psychological aspect, it can be said that the noise level 
mentioned by the authors is approximately the level 
obtained on satisfactory installations, although in my 
experience at least one serious complaint has been made 
about a noise level of not more than 30 phons. Since the 
legal and psychological aspects still depend on individual 
opinions of the plaintiff and the court, a minimum figure 
such as 40 phons can only be regarded as a rough guide 
to practice; special conditions, usually subjective, may 
exist which can only be satisfied by a lower noise-level. 

Referring to the construction of transformers to reduce 
noise omission, the authors state that practically no 
improvement is obtained by using excessive clamping 


clamping forces will do little or nothing to eliminate 
noise from a joint which, owing to bad interleaving, is 
inherently noisy. 

Prof. Kapp’s suggestion about the asymmetry of the 
magnetostriction curve is only one of the large number 
of interesting points which arise in considering the funda¬ 
mental relationships between transfoimer noise and the 
properties of the iron. It will he a great pity if investiga¬ 
tion of these basic effects is not pursued further simply 
because no hope can be seen at present of eliminating the 
trc^ible by such means. A report dealing with the 
fundamental transformer noise work which we did for the 
E.R.A. at University College, London, and which I have 
referred to above, will be published shortly. 

[The authors’ reply to this discussion will be found on 
page 664.] 

NEWCASTLE, STH APRIL, 1940 

pressures. This is generally agreed and borne out by 
tests on actual transformers by various manufacturers. 
It should be stressed, however, that the design of the 
transformer clamping frames is of some importance, and 
although, fundamentally, a large proportion of the noise 
emitted by the core is due to magnetostriction, the vibra¬ 
tion of the unsupported edges of the yokes and the vibra¬ 
tion of the interleaved joints can considerably increase 
the noise level. It is at these points that the clamping 
frames should exert a uniform pressure. Expei'imental 
data relating to cemented cores confirms the authors' 
opinion that no appreciable reduction in noise emission is 
obtained by using this method on 3-phase commercial 
transformers. 

In Section (4)(cZ) the authors discuss the effect of flux 
density upon the noise level of transformers. I agree 
that to effect a substantial reduction in the noise level by 
reducing the flux density is quite impracticable if the 
attempt is based on the information given in Ing. 2. 
The noise-level values shown in this figui'e are higher 
than those obtaining in normal practice for commercial 
transformers. By suitable design, with due regard to the 
mechanical construction, transformers have been pro¬ 
duced operating at flux densities about 20 % below 
normal, with satisfactory results both from the noise- 
level and from the economic aspects. The mechanical 
construction of the transformer and its tank, in relation 
to the natural frequencies of its component parts, is an 
important factor when reductions in the equivalent loud¬ 
ness of the transformer noise are being considered. 
Modifications to tank stiffeners make little contribution 
to the reduction, but considerable improvement may be 
effected by special tube and under-base design. As an 
example of this I would mention some large transformers 
of tubular tank construction which were installed in the 
same substation as certain other transformers, operating 
from the same supply and at the same flux density. One 
type had a noise level about 30 % higher than the other. 
The noise levels were recorded on the same instrument 
under identical background and load conditions. It is 
obvious that the reduction in the equivalent loudness of 
the noise emitted was due to the better design of the 
clamping frames, cooling tubes and under-base. Prob- 
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ably the most marked effect of sound mechanical con¬ 
struction makes itself apparent when two similar designs 
are compared having approximately the same equivalent 
loudness, but where one design can be readily dis¬ 
tinguished by some high-pitched sound, presumably 
owing to overtone resonance in some part of the structure; 
in other words, where one transformer has a higher 
“ nuisance value.” 

Resilient barriers or absorbers, intetposed between the 
transformer windings and the tank sides, appear to have 
a limited application, owing to increased dimensions 0 *f 
the tank, particularly on the larger units where rail- 
gauge limitations dictate the design proportions of the 
transformers. On smaller transformers up to, say, 
1 000 kVA to 2 000 kVA, noise complaints are not 
common: first because the transformers, owing to their 
size, have a lower inherent noise-level than the larger 
units; and secondly, because they are usually installed— 
apart from the outdoor pole-mounting type—in some 
form of building. The authors have carried out extensive 
tests on their proposed absorbers which are made of 
cellulose sheets; it would be of interest to know whether 
they have carried out any tests to demonstrate that the 
fire risk is not increased by such barriers. 

Mr. R. S. Orchard: It would be interesting to have 
any information the author can give on the comparative 
noise-levels of transformers with interleaved and butt- 
type joints. 

On page 649 he states that it is not as a rule necessary 
to fit external resilient supports, but I should like to draw 
attention to the importance of careful design of these 
supports when fitted. Where tap-changing equipment is 
installed the centre of gravity of the transformer is fre¬ 
quently off the centre line, and unless special care is taken 
in the design of such supports tilting of the transformer 
may result. This, apart from being a bad mechanical 
arrangement and giving a poor appearance, also gives 
rise to difficulty in obtaining the correct mounting of 
Buchholz relays. 

The paper emphasizes the progress which is now being 
made in regard to the limitation of transformer noise, and 
it would seem that it will soon be possible to specify 
definite noise-levels which should not be exceeded by a 
transformer of good design. It is to be hoped that the 
manufacturers will endeavour to set up suitable standards 
shortly. 

In Tables 3 and 4 the authors gives figures relating to 
the magnetostriction effect associated with different 
grades of sheet steel. It would be of interest if he could 
add to these Tables the comparative figures for the low- 
loss iron which is used extensively on the Continent and 
in America for transformer cores. I understand that 
the losses in this iron are of the order of 20 % less than in 
the iron normally used by British manufacturers. 

Mr. C. Turnbull: The paper states that noise is 
something which is undesired by the recipient; but some¬ 
times the recipient desires to hear noise so that he may 
take the case to the law courts and receive damages for 
alleged disturbance. Anything that can be done to 
reduce the noise due to transformers will be a valuable 
asset to the industry, as large substations have now to 
be placed in residential districts. 

Would the noise be reduced by putting the transformers 


in corrugated tar^s ? Such tanks would appear to be less 
likely to reverberate than those normally used. 

Mr. R. W. Mann: In the physical experiment carried 
out by the author with a metal tank and a cotton-wool 
tank, when one side of either tank was slightly lifted from 
the floor the noise-cushioning effects of the two tanks were 
approximately equal. This would seem to suggest that 
the noise-reducing effect of the enclosure depends con¬ 
siderably more uporf its airtightness than upon the actual 
thickness of the *material. That is, if the cotton-wool 
tank were compressed so as to make it as airtight as the 
steel tank, then the noise-reducing effects might well 
prove to be more or less equal. 

Mr. K. W.. McBain: Prior to the reading of this 
paper other investigators had arrived independently at 
conclusions similar to those mentioned by the authors, 
namely: (1) The ineffectiveness of additional clamping 
pressure on cores as a means of obtaining any reduction 
in noise level. (2) A noise reduction, on larger sizes of 
transformers, of 10 to 15 phons for a reduction in core 
density from 13 000 to 10 000 lines per cm? (3) A 
deduction of 5 phons due to the resilient mounting of a 
transformer inside a substation. (4) A reduction of 
40 phons for indoor substation transformers using an 
external radiator arrangement like that shown in Fig. 7, 
and using brick walls 9 in. thick for the substation. 

If the site situation were such that it was found 
necessary to build a specially designed substation for 
quiet operation (e.g. a basement substation), a further 
reduction of approximately 20 phons could be obtained. 

Since the design of the substation is a contributory 
factor, some operating engineers make the provisions 
necessary so as to reduce the transformer noise-level to 
a practicable commercial standard. Unfortunately, some 
other operating engineers do not give the question of 
transformer noise sufficient attention in the early stages 
of their projected schemes. In many instances the 
transformers are installed in most unsuitable sites, and 
upon the receipt of the first complaint from adjacent 
residents the operating engineer calls in the manufacturer 
and bitterly complains of the noise due to the transformer, 
even though the noise level may not be above ” normal.” 

It is to be regretted that the paper does not consider 
typical examples of substation sites, giving the measured 
noise-levels at such sites both inside and outside the 
substation, as well as at various distances at which 
dwelling houses are located. The following are some of 
the results obtained from three different types of sub¬ 
stations. , 

Installation No. 1.—This is a substation of conventional 
design containing a 600-kVA tubular-tank transformer 
operating at normal full load with a core density of 
13 200 lines per cm? The walls of the substation are 9 in. 
thick, the doors 2 in. thick, and ventilation is by louvre 
openings in the doors. The noise level inside the sub¬ 
station is 72 phons. The noise level immediately outside 
the door of the substation is 39 phons, thus giving a 
reduction in noise level of 33 phons. The noise level 
measured 26 ft. from the substation is 26 phons. 

Installation No. 2.—This is a substation specially built 
for quiet operation and containing a 600-kVA trans¬ 
former with a separately mounted radiator, as shown in 
Fig. 7. At normal full load the transformer operates 
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with a flux density of 13 200 lines cm? The sub¬ 
station consists of a 9-in. thick brick building having 2-in. 
thick doors without louvre openings. The transformer 
is mounted on a resilient material. The following noise 
levels were recorded: inside substation, 69 phons; imme¬ 
diately outside door of substation, 28 phons (giving a 
reduction in noise level of 41 phons); adjacent to the 
radiators, 24 phons; at a distance of 15 ft. from the sub¬ 
station, 21 phons. The average noiSe-level 30 ft. distant 
from the substation was 10 to 16 phones. 

Installation No. 3.—This is a substation located in the 
basement of a block of flats and specially designed for 
quiet operation. The substation contains a standard 
500-kVA transformer with cooling, tubes around the 
tank and operating at approximately 13 200 lines per cm? 
The transformer is enclosed in*a separate enclosure using 
9-in. thick walls and 2-in. thick door^. The ceiling of 
the chamber is 3 in. thick and is lined with paxfelt l*in. 
thick. The ceiling of the basement is 16 in. above the 
ceiling of the transformer chamber, and ventilation to the 
transformer enclosure is provided by suitably lined ducts. 
The following results were obtained: noise level insidie 
transformer chamber, 66-5 phons; average noise level 
in basement adjoining transformer chamber, 32 phons 
fgiving a reduction in noise level of 34-5 phons). The 
noise level in the ground floor of the flat directly above 
the transformer chamber was less than the background 
level (10 to 15 phons). 

Other installations in similar locations to Installation 
No. 3 where no precautions whatsoever had been taken in 
the layout of the substation, gave noise levels in the flat 
directly above the substation of 30 to 36 phons. 

From these examples it will be noted that the trans¬ 
former with a separate externally mounted radiator gave 
the best reduction in noise level between the inside and 
outside of the transformer chambers. I would mention 
that in a number of installations employing a separately 
enclosed transformer and external radiators, no sound 
from the radiators themselves could be detected; this is 
contrary to the views put forward by the authors. 

I consider the flexible pipe connection shown in Fig. 7 
unnecessary; if a piece of steel pipe were substituted it 
would not make any difference to the results obtained. 

The results from Installation No. 3 indicate the advan¬ 
tage of using a ventilated enclosure within the trans- 

THE AUTHORS’ REPLY 

. Messrs. B. G. Churcher and A. J. King {in reply): 
As stated at its presentation, the paper was written with 
the object of its being of interest and assistance to power 
sptem and consulting engineers and transformer de¬ 
signers in considering transformer-noise limitation. 
Accordingly the space devoted to the magnetostriction 
a,spect, which has so far led to no practical solution, was 
limited to two pages. It was felt that a detailed discussion 

this matter, and of others investigated by us which are 
not even mentioned, would have been out of place. How¬ 
ever, as the contribution of Prof. Kapp to the discussion 
is confined to the magnetostriction aspect and as it 
might possibly create misapprehension as to the origin 
of the matter of Section (3), it has become necessary to 
make the position clear-. 


former substation. The very fact of using a separate en¬ 
closure combined with the sound-insulating properties of 
the basement ceiling is sufficient to reduce the noise level 
in the first floor of the flat to below the complaint level. 

I should like to mention a large transformer substation 
where two 18 000-kVA specially designed outdoor-type 
transformers were successfully installed and have been in 
operation for some years. The substation is now sur¬ 
rounded by residential property. The transfonners were 
resiliently mounted in a shallow gi-ass-lined pit. The 
ineasured noise-level is 66 phons within a distairce of 6 ft. 
from the tank, as compared with 75 phons for an average 
installation of this rating. The nearest house is only 
100 ft. distant from the transformers, and while at this 
distance the noise level due to a standard transformer 
would be approximately 51 phons the measured noise 
level of these transformers is only 32 phons, which is 
below the complaint level. Trees and shrubs have been 
planted around the site; these not only provide additional 
sound absorption but also considerably impi'ove the 
appearance of the site. 

Mr. W. L. Kidd : On page 663 the authors point out 
that where it is necessary to limit the noise of air-blast- 
cooled transformers, attention has to be given not only 
to the transformer noise but also to any noise that may 
arise from the fans or air jets. I should be glad if they 
would give some further information in this connection. 
Until recently the noise emitted by certain fans or air jets, 
and occasionally even by pumps, had been as great as the 
noise emitted from the transfonner itself, and a con¬ 
siderable amount of work has been carried out by many 
manufacturers in order to reduce the noise level from the 
cooling plant to a minimum. Experience shows that a 
general reduction in the speed of fan motors has taken 
place, but even this is in many cases not considered 
sufficient to meet the requirements of built-up areas, 
where a more expensive type of cooling which avoids the 
use of fans has been adojjted. 

I think it worth while to emphasize this point because 
manufacturers do not in certain'instances give it sufficient 
attention. For instance, in my own experience there was 
the recent case of a large 132-kV transfonner which had 
to be held for some time in the woi'ks for improvements to 
be made to the fan arrangements because the first instal¬ 
lation of this type had proved too noisy on test. 

TO THE DISCUSSIONS 

In the first place it is important to keep in mind the 
distinction between the study of magnetostriction as such 
or as a fundamental cause of transformer noise, to which 
Prof. Kapp and his associates have contributed, and the 
general problem of transformer-noise limitation with 
which this paper deals. Trans:former-noise limitation is 
essentially an engineering problem. It is usually recog¬ 
nized that such problems require for their effective treat¬ 
ment the consideration of all relevant factors as well as 
basic principles and the appraisal of alternative solutions 
in the light of these considerations. In this way a sense 
o proportion is maintained and, in the present problem, 
the elimination of magnetostriction is seen to be not a 
sme qua non but simply one of several possible measures. 

J he most valuable solution is that which achieves the 
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■desired result in the most economical and convenient 
way. It may be, but is not necessarily, one indicated by 
a consideration of basic principles alone. It is possible 
to build small noiseless transformers at the present time 
by using low-magnetostriction core material, but the 
method is far from being either economical or con¬ 
venient. That solution is, as we say, not at present 
practicable. Its practicability is conditional upon the 
■development of materials which not only embody negli¬ 
gible magnetostriction but are also adequate in respect of 
■energy loss, permeability, mechanical properties and, 
moreover, cost—a problem which should not be under¬ 
estimated. No specialknowledge is required to reach this 
■obvious but nevertheless important conclusion. It should 
also be appreciated that the problem of noise arises with 
■only a small proportion of all the transformers made. The 
use of measures applicable to a transformer of standard 
■design rather than those requiring a special design (as 
would probably be the case with special core material) is 
therefore an important advantage to both user and manu¬ 
facturer. Consideration of the subject of the present 
paper exclusively in terms of magnetostriction may even^ 
lead to misapprehension as to the real issue. This seems 
indicated in the last paragraph of Mr. Alexander’s con¬ 
tribution. Transformer noise is not something occurring 
in ” the transformer but is the undesired aural sensation 
experienced by a hearer due to the transformer, and that 
is what needs elimination. Methods of effecting this are 
•described in the paper. Apart from the fact that efforts 
have been made to find an alloy which has no magneto- 
■striction combined with suitable mechanical properties, 
both the staterixent that “ there is no possibility of 
eliminating noise due to magnetostriction in trans¬ 
formers,” and the impression it gives that the whole 
problem turns on magnetostriction, are misleading. 

Prof. Kapp’s remarks might lead those unfamiliar with 
magnetostriction to conclude that it is an obscure 
phenomenon, the measurement of which has been only 
recently achieved. On the contrary, magnetostriction 
in iron and its non-linear relation to magnetization has 
been known, and measured, for nearly a century. J. P. 
Joule’*-' and Shelford BidwellJ were early investigators. 
Many others followed with improved technique and by 
1931 the existence of magnetostriction hysteresis was 
fully established. J It is therefore difficult to understand 
Prof. Kapp’s statement that the existence of this 
phenomenon was not proved in 1936. 

Consideration of transformer-noise test data which we 
•obtained at various times from 1930 onwards led to a 
systematic investigation being started in 1934. As one 
of the probable causes of noise, magnetostriction was 
investigated, measurements on strip specimens of trans¬ 
former and other steels being made in August of that 
year. The magnitude and non-linear character of the 
effect observed by others was confirmed. The harmonic 
character of the sound spectrum which had been observed 
on transformers was seen to be consistent with the ob¬ 
served extension. By an approximate calculation for a 
typical case, it was found that the magnitude of. the 
fundamental tone (100 c./s.) was not inconsistent with the 
extension which had been observed for transformer steel. 

• Philosophical Magazine, 1847. 

t Proceedings of the Royal Society, 1884, 5, 38, p. 265. 

i W. Alexander and J. S'Waffield: Beama Journal, 1937, 41, p. 99. 
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Experiments were also carried out between April, 1934, 
and July, 19S1 d, with a.c. magnetization on cores of the 
simplest possible form, in order to minimize or eliminate 
other causes of noise. Jointless ring cores and a rigid 
cage winding were used. (A slide was sho-wn at the 
meeting.) Experiments were carried out which showed 
that any contributions to the noise from winding vibra¬ 
tion, non-uniformity of magnetization, magnetic non¬ 
uniformity of thp core (e.g. efiect of assembly of punch- 
ings with respect to rolling direction) and eddy currents 
in the core were negligible, ' These experiments showed 
that magnetostriction, which had been proved to be 
present in the material of which the core was made, was 
the sole remaining primary cause of the noise observed. 
In this case also,'for a core of 2 in. axial length, the magni¬ 
tude of the fundamental component of the radiated 
pressure was fo und t o be not inconsistent with the primary 
cause being fhagnetostriction, assuming simple radial 
expansion of the core. It was found, however, that this 
assumption was not tenable for a single ring punching. 
Although the area of the outer edge was very small 
compared with that of the above core, the noise level for 
given fl,ux density was little less. The same type of 
harmonic sound spectrum was present but the noise was 
radiated in an axial direction rather than' radially 
(page 644) and the mode of vibration was quite obviously 
not one of simple expansion. A-possible explanation of 
this axial vibration is the radial variation in flux density 
in the ring, causing an umbrella type of vibration due to 
the magnetostriction strain being greater at the inner 
than at the outer radius. Whatever the precise mech¬ 
anism of vibration, it could not be gainsaid that magneto¬ 
striction, known to be acting, was the primary cause of 
the vibration, since there was nothing else to account 
for it. 

Another important factor determining the vibration of 
a core, which should not be overlooked, is the mechanical 
constraint imposed by , the form of construction used 
(mentioned on page 642). This was illustrated by the 
effect of slightly bending the single ring punching by the 
fingers while under a.c. magnetization. The predominant 
pitch of the sound rose and, by different degrees of con¬ 
straint, the pitch could be caused to traverse the musical 
scale. The sharpness of the tuning indicated that while 
magnetostriction was the primary cause of the vibration, 
the harmonic vibrations were accentuated in turn by the 
changing mechanical resonance. A further and con¬ 
clusive demonstration of the effect of mechanical con¬ 
straint was afforded by tests on a jointless ring core of 
I in. axial length made in July, 1935. In the first test 
the core was tightly bound all round with strong tape. 
Under a.c. magnetization the noise emitted was largely 
axial. The core was then cemented into a solid mass. 
At a given flux density the reduction in noise due to 
cementing was over 26 phons. Analysis showed that all 
the components were reduced in amplitude and many 
entirely suppressed. Thus without altering the magneto¬ 
striction conditions a substantial change in noise had 
been effected by imposing very complete constraint on 
the axial movement of the laminations, the movement 
evidently having been largely in this direction. In 
addition to radial variation in flux density, such a mode 
of vibration might be due to differences in flux density 
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or magnetostriction coefficient between a<|jacent laminae. 
By selecting a form of core favourable tolthe simple ex¬ 
pansion mode of vibration, such as a well clamped and 
cemented ring core of fair axial length, it may well be 
that a simple correlation between the shape of the 
magnetostriction curve and the radiated tone structure 
can be shown. On the other hand, a very short core 
vibrates by a different mechanism, such as that of 
differential magnetostriction. In a co^e of normal pro¬ 
portions both modes of vibration would be present and 
their relative importance would depend on a number of 
factors, including mechanical constraint to different modes 
of vibration. Hence, for a normal transformer core the 
relation between the magnetostrictive properties of the 
steel and the noise radiated is far more complex than that 
associated with the type of core, experimented with by 
Dr. Swaffield. We note that Prof. Kapp disagrees with 
Dr. Swaffield’s view that the discrepancies between cal-, 
culated and measured sound intensities on a long ring 
core are well within the probable limits of error in calcu¬ 
lation. Prof. Kapp envisages other causes of noise but 
does not suggest what they are. Our own work leads 
us to conclude that while magnetostriction is the primary 
cause of noise in a jointless core, several factors (not other 
causes) mentioned above determine the quantitative 
relation between the magnetostrictive properties of the 
steel and the noise radiated by a core of given con¬ 
struction. 

It had been clear to us from the outset that the possi¬ 
bility of limiting transformer noise by using core materials 
of low magnetostriction would depend upon whether such 
materials, if commercially available, met all the other 
rather exacting requirements in respect of energy loss, 
permeability, mechanical properties and cost. None of 
the three commercial grades of steel tested showed any 
material superiority in regard to magnetostriction. 
Permalloy and 6 % silicon steel, both having low 
magnetostriction effects, were dismissed for reasons 
stated in the paper. Plaving satisfied ourselves that 
magnetostriction was the primary cause of transformer 
noise and that existing core materials that were practicable 
from other considerations showed no advantage in respect 
of magnetostriction, we decided that, from the stand¬ 
point of immediate future policy, there was no object in 
pursuing the magnetostriction aspect further, and by 
July, 1935, we had turned our attention to other methods. 
As far as we are aware, no practicable low-magneto¬ 
striction material is yet available but, as pointed out in 
the paper, such a material may be available in the future. 

Mi-. Marshalbs remarks on experience of transformer 
noise on the grid system are of great interest. We note 
his comments on the psychological aspect of noise, to 
which we refer in Section (2) of the paper. Even if a 
completely satisfactory criterion of noise were found (i.e. 
one more satisfactory than loudness) and a consistent, 
universal system of measurement established in terms of 
it, with accurate objective meters for practical measure¬ 
ment, there would always be individual differences of 
opinion as to what noise magnitude is tolerable, in the 
same way that there are differences of opinion as to what 
room temperature is tolerable. As long as the present 
loudness basis continues to be accepted, the develop¬ 
ment of objective meters capable of measuring noise in 


general in phons (a problem by no means completely 
solved) is of great importance. A contribution to this 
end will shortly be published. Mr. Marshall also draws 
attention to the desirability of establishing what are con¬ 
sidered to be reasonable noise levels for transformers of 
different types and capacities. This would be a useful 
step but it would need to be preceded by the adoption of 
objective meters indicating in accordance with the 
British Standard of Equivalent Loudness, alluded to 
above. As a result of many years of engineering de- 
vel(^pment, the design of power transformers has cry¬ 
stallized out along fairly well defined lines, which in¬ 
evitably result in the emission of noise of the order of 
70 to 85 phons near the transformer. Where a materially 
lower level is essential it may be a question of balancing 
the cost of locating the transformer at a greater distance 
from potential complainants against that of employing 
other measures, such as those discussed in the paper. In 
either case additional cost inevitably and justifiably 
arises. To ensure effective and economic results, 
collaboration between manufacturer and user is de- 
^sirable, not merely as to general standards but also in the 
planning stage of particular installations. Hence, al¬ 
though agreement as to what may be considered reason¬ 
able noise levels for transformers of different types and 
outputs, and for different locations, would help to clarify 
the position, it would not of itself provide a general 
solution, because the conditions of particular installations 
vary over a much wider range than the noise levels of 
commercial transformers of a given type and capacity. 

Regarding Mr. Norris’s remarks on methods of noise 
reduction by tank construction discussed in Section 4(/), 
we are unable to trace the arbitrary and incorrect as¬ 
sumptions attributed to us. In the recent article by an 
independent investigator referred to* the noise levels 
with the double-sided construction (20 000 kVA) and 
with lagging (30 000 kVA) resj^ectively are given, but the 
levels without these measures are not given. Without 
knowing the respective flux densities at which these 
transformers operate, which are not given, it is not 
possible to deduce the noise reductions from the curves 
to which the reader is referred. We therefore accepted 
the author’s conclusion, viz. that “ in both cases a re¬ 
duction in average surface noi.se level of about 10 phons 
had been effected.” We are interested to note the figure 
of 86 phons, which Mr. Norris now gives for the 30 000-kVA 
transformer before lagging, corresponding to the 17 phons 
reduction claimed. We take it that this result is due to 
a layer of lagging only and not in jmrt to an external 
casing. Measurements by us at 300 c./s. with a cotton- 
waste enclosure, out of contact with the source so as to 
produce the maximum attenuation, gave a reduction of 
approximately l.phon for a thickness of 1^ in., compared 
with 26 phons for a ^ in. thick steel enclosure. This was 
demonstrated at the meeting and supports our contention 
that an inconveniently large amount of lagging is re¬ 
quired for a reduction of 20 or even 17 phons. We agree 
with Mr. Norris that there is no known reason why the 
absorber method should not be applicable to larger trans¬ 
formers. Owing to the pressure of more urgent work we 
have not had an opportunity of extending the method 
beyond 400 kVA. With regard to his not having ex- 
* J. S. Forrest; Beama Journal, 1929, 44, p. 61. 
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perienced complaints with transformers below 1 000 kVA, 
it may be noted that such transformers are, for economic 
reasons, often installed very close to house property and 
only where foresight is exercised are any precautions 
taken against noise. 

In welcoming Mr. Fleming’s contribution, we desire to 
record our appreciation of the comprehensive and accurate 
sound transmission data originating from the work of 
the N.P.L. and published in such convenient form in the 
paper by the late Dr. Constable and Mr. Aston, to which 

we have referred. « 

We wish to endorse Mr. Ellis’s view of the importance 
of the confirmation of laboratory findings by full-scale 
experiments and the need for regarding the installation 
as being at least as important as the transformer in con¬ 
sidering noise problems. We are much interested in his 
suggestion that the idea of buried transformers shouM be 
re-examined from the standpoint of air-raid precautions. 

Mr. Lacey’s comments on the relation of noise level to 
kVA are of interest. In examining this matter we 
arrived at the index of approximately 4 in the relation 
between kVA and dimensions on theoretical grounds, but 
an examination of the dimensions of a large range of 
transformers from 60 to 75 000 kVA indicated that while 
the index was close to the value 4 for units of small and 
medium kVA, it appreciably exceeded that value for the 
larger sizes. Apart from the reason connected with the 
relation between sound wavelength and linear dimensions 
mentioned by Mr. Lacey, there are other reasons which 
make it unlikely that a constant index would apply. In 
collecting data to establish ■ reasonable noise levels it 
would, therefore, seem advisable to utilize the results of 
noise measurement on a range of transformers rather 
than assume a value for the index. Mr. Lacey rightly 
points out that the idea of building a noiseless trans¬ 
former by using core material of zero magnetostriction is 
not new. This is supported by the experience of one of 
the authors during a visit to the United States in 
December, 1934-January, 1935. The magnetostrictive 
properties of silicon steels were then being studied 
(possibly as a result of the work of Schulze referred to by 
Mr. Lacey) and the use of 6 % silicon steel, observed to 
have a low magnetrostriction effect, was under con¬ 
sideration for building transformers of low noise-level. 
The mechanical properties of this material were proving 
a serious practical obstacle. Experiments ^ on trans¬ 
former cores of a construction intended to minimize the 
generation of noise by magnetostriction were also seen. 

We are glad to know that Dr. Billig’s experience is in 
many respects in agreement with our own. The incon¬ 
sistencies he points out in the relation between silicon 
content, magnetostriction value and noise level are 
within the limits of experimental error. The magneto¬ 
striction measurements were made on strip specimens. 
Among specimens of what is nominally the same material, 
considerable variation in magnetostriction value is found. 
Further, the noise measurements were made on ring, and 
therefore different, specimens. In addition, there is the 
error in the noise measurement. The tests simply show 
that, among the practicable core materials, none has 
appreciable advantage over the others. In Dr. Bilhg’s 
experiments on how much of the noise in ring cores is 
attributable to magnetostriction and how much to joints. 


I 

the observation that the noise from a jointless ring core 
magnetized to s^uration could hardly be heard is diffi¬ 
cult to explain. Tables 4 and 6 in the paper show that 
for a 15 in. diameter ring core with .B = 13 000, a noise 
level of the order of 40 phons is obtained, which, under 
negligible background noise conditions, is plainly audible 
and easily measured with a suitable meter. Further 
experiment would be needed, in our opinion, to ascertain 
conclusively the importance in normal cores of joint noise 
(i.e. the lateral vibration of the laminations due to cross 
flux at the joints) compared with that due to magneto¬ 
striction. However, our own experience points to the 
following conclusions. Experiment showed that at 
normal transformer densities a butt joint inserted in a 
ring core gave an increase in level of 10 phons or more, 
but with interleaved joists the increase was not more 
than 3 phons. The cores were tightly bound together 
with strong tape. With the more positive clamping 
available in a normal core, lateral vibration of the 
laminations at the joints is more effectively restrained, 
and the tests of Table 5 suggest that joint noise in a 
.formal well-clamped core is unimportant. We think 
that the presence of joints in a normal core is more likely 
to be important in affecting the rigidity of the core than 
in causing joint noise. The general importance of core 
rigidity has been mentioned in our reply to Prof. Kapp. 
The lateral rather than end radiation of sound from the 
limb of a core, also observed by Dr. Billig, and, as noticed 
by us in one case, the greater radiation from the centre 
of the limb rather than from the region of the joints, 
suggests that a buckling motion due to differential 
magnetostrictive strain among the laminations may be 
present. This would give rise to a greatly increased 
radiation compared with that due to simple elongation 
of the limbs and suggests an explanation of the dis¬ 
crepancy pointed out by Dr. Billig. In fact it appears 
that this buckling effect can be so large and uncertain as 
to preclude the possibility of estimating from magneto¬ 
striction data the noise radiated by a core of normal con¬ 
struction. In regard to Fig. 3, it is, of course, necessary 
to allow space above and below the absorbers for oil 
circulation, but the efiect of the bridging of the absorbers 
by the oil was checked, as stated on page 546. 

The question of test procedure raised by Mr. Forrest 
is important and one on which agreement is desirable. 
It is rather too detailed a matter for present discussion. 
We have replied above to the question on the application 
of the absorber device to larger transformers. With 
regard to the reduction of noise level with distance, the 
6-phon rule is stated with reservations for cases where»it 
cannot be expected to apply accurately. The stationary- 
wave effects mentioned by Mr. Forrest imply obstructions 
of some kind in the sound field, which, of course, cannot 
be covered by any simple rule. We note that Mr. Mason 
has found approximate agreement with the 6-phon rule 

in certain cases. , , x: mi 

In reply to Mr. Dadson, the value of 40 phons for the 

level outside a dwelling house at which complaints are 
liable to arise is based on those cases of which we have 
had direct experience. As already stated, it is probable 
that there will always be individual differences of opinion 
as to what level is considered tolerable. Further data 
on a defined basis for a number of cases would enable this 
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range of variation to be ascertained. The noise-abating 
measures found by Mr. Dadspn to be aalquate in border¬ 
line cases are of interest. We have used absorbent 
material in ducts with considerable effect. The reported 
relative quietness of the circular shell type of trans¬ 
former, referred to in the paper, is certainly worth in¬ 
vestigation. It is hoped that Mr. Redfearn’s work on 
barriers and some other sound-field problems will be 
published shortly. 

Mr. Alexander and Dr. Swaffield express interest in the 
magnetostriction measuring apparatus* used by us. A 
full description, which we hope will be published in due 
course, is impracticable here but the main features are 
these. The apparatus takes a strip specimen and is of 
the mechanical-optical type, embodying*a simple but 
effective device, which we havti not seen described else¬ 
where, for obtaining the requisite sensitivity. With a 
given specimen in position, observations are reproduciijle 
to a few parts in 10® in terms of strain. Hysteresis loops 
can be examined in detail. The conditions of magnetiza¬ 
tion of the specimen are accurately defined. Water 
cooling inside the magnetizing winding is provided to 
minimize temperature effects. Mr. Alexander and Dr.* 
Swaffield both comment on the magnetostrictive hys¬ 
teresis curve of Fig. 1 of the paper being '' practically 
identical " with one obtained by themselves and quoted 
by Prof. Kapp as Fig. B. While the general form of the 
two curves is similar there are obvious differences in the 
region of zero magnetostriction, which the experimental 
points of Fig. 1 show to be significant. The similarity in 
maximum extension is fortuitous, since another specimen 
of the same material (Table 3) shows 30 % greater ex¬ 
tension. Even specimens cut from different parts of the 
same sheet have shown a difference of 30 % in magneto¬ 
striction value, and from different sheets 50 % or more 
according to the flux density in question. The piezo¬ 
electric indicator mentioned by Mr. Alexander should be 
useful where it is desired to record large numbers of 
magnetostriction hysteresis loops. In reply to his 
question on the 6 % silicon steel noise tests given in the 
paper, the magnetostriction in the sample used was not 
measured, as no strip specimens were available at that 
time. Flowever, some strips of 6 % silicon steel have 
since been obtained and the magnetostriction effect on 
one of them, obtained with the apparatus referred to 
above, is shown in Fig. D. Sufficient stx'ips were not 
available to build a core representative of normal con¬ 
struction, but it was interesting to find that with the 
small core built, no measurable or audible noise was 
pjesent until a value of B — 11 000 was reached, after 
which the noise level increased rapidly. It was noticed 
that the noise was considerably higher in pitch than that 
from a core of 4 % silicon steel, which is consistent with 
the character of the magnetostriction curve. The in¬ 
tensity levels of the components were too small to permit 
of sound analysis. 

We are glad to note that Mr. Mason's experience con¬ 
firms our own in many respects. We have not en¬ 
countered a complaint at 16 phons inside premises, but 
possibly the consideration of a more complete range of 
data may suggest a lower figure than that of 30 phons 
which we have so far found adequate. The experiments 
on the effect of lining a tank with resilient material are 


of interest. Theory indicates that a great deal more 
compliance would be required to produce a given result 
in this way compared with the use of absorbers spaced 
away from the tank. With regard to the distance from 
a transformer at which noise observations should be made, 
we have, of course, encountered the background noise 
difficulty in works testing mentioned by Mr. Forrest, 
which often compels a short distance. But we agree with 
Mr. Mason in preferring a greater distance for other 
reasons. The ideal would be to test under negligible 
background noise conditions, enabling distances to be 
used capable of giving more informative results. The 
question of whether the noise emitted from radiators is 
important when the tank is placed in a soundproof en¬ 
closure must depend, to a considerable extent, upon the 
sound insulation of the enclosure. We are interested to 
note that Mr. Mason found that with a sound insulation 
of 30 phons the noise from the radiators was negligible. 
More experimental data on this point would be useful. 



Fig. D’ 


We had planned some experiments for this purpose but, 
owing to the demands of war activities, have been unable 
to give the matter further attention. The damping 
effect of oil between laminations mentioned by Mr. Mason 
is illustrated by Table 6 of the paper, where a reduction 
of 11 phons due to this cause is obtained with a small 
core of normal construction. 

We have already replied to Dr. Swaffield regarding the 
magnetostriction apparatus used by us. The direction in 
which the hysteresis loop is traversed is indeed a curious 
effect and we were at first disinclined to accept it. How¬ 
ever, after a careful check of experimental procedure, the 
effect was confirmed. Dr. Swaffield's objection to the 
term ” magnetostrictive force " is correct for ideal con¬ 
ditions. He tacitly assumes perfect uniformity of field 
and magnetic material and absence of constramt. If any 
one of these conditions is not fullfied, the magneto¬ 
strictive stram which would otherwise occur is resisted 
and stresses inevitably arise, quite apart from stresses 
due to inertia. All these effects are present in a normal 
core. Therefore, although the stress is elastic, the strain 
causing it is magnetostrictive and hence our inclusive 
term “magnetostrictive force.” We point out on 
page 644 that the sound from a single ring punching is 
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radiated axially and not radially. We have already 
suggested an explanation in reply to Prof. Kapp. Con¬ 
sidering magnetostrictive strain only, the harmonics of 
the double frequency are dependent on the departure of 
the magnetostriction curve from a parabola, as Dr. 
Swaffield points out. This would also apply to the 
vibration and noise radiated if the mode of vibration 
were one of simple elongation. In normal cores other 
modes of vibration, such as the buckling motion referred 
to, may be excited, and it would be necessary to show 
that in each case the response of the system was linear. 
Even if this were found to be so, the problem of develo;^- 
ing a steel with an accurately parabolic law does not 
appear to be obviously simpler than that of securing zero 
magnetostriction. However, we are quite in agreement 
as to the desirability of pursuing the study of fundamental 
phenomena underlying transformer noise. We can see 
no reason why this should not proceed concurrently with 
the examination and development of more immediately 
available measures, such as those with which the present 
paper deals. 

In reply to Mr. Rippon, we have not gone out of our 
way to investigate cases where legal proceedings are 
likely to ensue. In the cases of which we have had 
experience, we have not found the legal profession ready 
to accept as evidence the results of noise measurements, 
but rather to rely upon what were, in one case, called 
“ commonsense grounds." In this case measurement 
had shown that the level outside the nearest house to the 
source complained of was 44 phons. This was not ac¬ 
cepted as evidence. The judge adjourned the court to 
listen to the noise and advised the parties to come to an 
agreement as, in his opinion, there was no cause for com¬ 
plaint. On the other hand, steps have been taken by 
the Ministry of Transport (see " Noise in the Operation 
of Mechanically Propelled Vehicles," Interim Reports I, 
II and III, and Final Report, H.M. Stationery Office) to 
deal with the noise of motor vehicles on a quantitative 
basis, and had it not been for the war there is little doubt 
that the recommendations made would have been 
adopted legally. One important feature of the proposals 
is the fixing of a limit in phons, together with a tolerance 
of 5 phons, to be withdrawn after two years. This would 
enable gross cases of nuisance to be dealt with immedi¬ 
ately. It would also give manufacturers time to improve 
their products in regard to noise, and the legal and police 
authorities time to correlate the new quantitative 
standard with their existing practice. To apply " all 
Imown noise-abatement measures" to a transformer 
installation may have been good advice 15 years ago. 
The whole purpose of the paper is to avoid such indis¬ 
criminate use of measures, irrespective of their efficacy, 
in order to secure a safe legal position and to replace such 
practice by the application of measures designed to be 
technically adequate, which should go far towards avoid¬ 
ing legal issues altogether. Mr. Rippon is incorrect in 
stating that the flux density values of Fig. 2 are higher 
than those obtaining in normal practice for commercial 
transformers. Almost all commercial power transfor¬ 


mers come within*the range R = 10 000 to S — 15 000, 
the value of 13 000 being very common. Mr. 

Rippon, in assuming a distinction between equivalent 
loudness and “ nuisance,” should remember that equi¬ 
valent loudness is ultimately based on a subjective esti¬ 
mate, even if measured by an objective meter. As stated 
in the paper, it has not so far been conclusively demon¬ 
strated that such a distinction exists. We consider Mr. 
Rippon’s conclusions on the absorber method altogether 
too sweeping. The’required increase in tank dimensions 
is only a few inches, and, although such increase might 
not be allowable on the largest transformers owing to- 
railwaydoading gauge restrictions, it would for most other 
sizes be quite unimportant. The absorber method is 
intended for more substantial noise reductions than are 
obtainable by a 20 % reduction in flux density. It may 
be true of cases within *Mr. Rippon’s experience that 
complaints are nat common Avith transformers of less than 
1 500 or 2 000 kVA, but it is not generally true. As to- 
the effect of rating, a 500-kVA transformer has a noise 
level of only about 7 phons less than one of 5 000 kVA. 
The variation due'to installation conditions covers a far 
larger range. There have been many cases of trans¬ 
formers of 1 000 kVA or less being installed in the open 
under such conditions that complaint was not sur¬ 
prising. With regard to Mr. Rippon’s question on fire 
risk with absorbers, the film we use is non-inflammable. 

In reply to Mr. Orchard, we have not compared the 
noise levels of normal cores with butt and interleaved 
joints. His point about the design of resilient supports 
where the centre, of gravity of the transformer is off the 
centre line is important. In reply to Mr. Turnbull, we 
doubt whether the use of corrugated tanks would appre¬ 
ciably affect the noise radiated. 

In reply to Mr. Mann, the factors determining the 
attenuation of enclosures, including lack of air-tightness, 
whether due to ventilating holes or other cause, are given 
in the paper. 

Mr. McBain’s very constructive contribution is wel¬ 
come. He rightly calls attention to the lack of foresight 
in regard to noise shown in the arrangement of some 
transformer installations and the attributing of the cause 
of complaint solely to the transformer, even though the 
latter may have quite a normal noise level. As we have 
already pointed out, the influence of installation condi¬ 
tions covers a far greater range than the variation in 
level among commercial transformers. The examples 
quoted by Mr. McBain are of special interest, particularly 
in regard to the very satisfactory results obtained. We 
note that he has found the use of flexible pipe connections 
between radiator and tank unnecessary and that a con¬ 
siderable attenuation may be obtained by planting trees 
and shrubs round the transformer. 

In reply to Mr. Kidd’s question on the noise from fans, 
apart from using low-speed fans noise can be limited very 
effectively by providing short sound-absorbing ducts at 
inlet and outlet, the ducts containing suitably disposed 
sound-absorbing material which will withstand outdoor 
conditions. 
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SUMMARY . 

During the past few years ceramic materials with properties 
especially suited to working at radio frequencies have been 
developed. The present paper contains a brief account of 
the manufacture of such materials, followed by a discussion 
of their mechanical and electrical properties. 

It is pointed out that many of th® discrepancies in previously 
published data may be explained by the difficulties ‘of the 
measurements and by the variation of som« of the quantities 
to be measured with factors not always sufficiently controllSd 
or specified. The differences in values obtained on test 
samples and those which may be realized practically are 
emphasized. The paper concludes with a brief account of 
the application of ceramic materials in the radio industry. , 
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(1) INTRODUCTION 

The essential requirements of an insulating material 
for radio-frequency work are:— 

(1) The power loss must be small at the frequency 

under consideration. 

(2) For some applications the permittivity should be 
• high. 

(3) The material must be capable of being made in 

any desired shape, and for some purposes these 
shapes must be made to considerable dimensional 
accuracy. 

(4) The material must be rigid and stable so that its 

dimensions and properties are unaffected by 
time or by the temperature changes encountered 
in service. 
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Electrical porcelain meets the last two requirements 
admirably, but the power loss is high and the per¬ 
mittivity has only a moderate value. It has been found, 
however, that, by making changes in the composition, 
ceramic materials can be produced with satisfactory 
electrical properties at radio frequencies without loss of 
their good mechanical characteristics. 

These materials have been developed in Germany, and 
many papers with tables of technical data have been 
published in that country.^ Considerable interest has 
also been shown here and ceramic materials have been 
mentioned in papers by H. A. Thomas, W. Jackson, 
and J. F. Gillies.^ The paper by Jackson contains an 
excellent review of the subject. 

High-frequency insulating material is required either 
for insulation, i.e. for separating and supporting the 
current-carrying parts of circuits, or for condenser di¬ 
electrics. In the first case the criterion is minimum 
power loss, which is given by the material having the 
lowest value of K tan 8. In the second case the material 
having the lowest value of tan S/If will produce the 
best condenser. These conflicting requirements have 
led to the development of two groups of materials which 
have come to be known as the steatite group and the 
rutile group. The steatite group materials have moderate 
values of permittivity and low power factors and are 
used for insulation, whilst the rutile-group materials, 
which have high permittivities together with low power 
factors, are used for condenser dielectrics. 

The Steatite Group 

The basic substance of this group is steatite, a hydrated 
magnesium silicate 3MgO, 4Si02, H 2 O which occurs in 
nature as soapstone or talc. This is converted into 
magnesium silicate MgSiOg on firing. 

Two fairly clearly defined classes of material have been 
developed in this group. The first, which is more com¬ 
monly used, consists of materials containing up to 70 % 
of steatite, the remainder being clays and fluxes. In 
the second, which, generally speaking, has lower power 
factors, the percentage of steatite is reduced by the 
addition of magnesite. On firing, the magnesite, MgCOg, 
is converted into magnesium oxide, the change being 
accompanied by a large reduction in volume, or 
"shrinkage” as it is termed in the industry. This 
introduces manufacturing difficulties and makes the 
attainment of accurate dimensions almost impossible., so 
that insulators manufactured in this type of material 
often have to. be ground to size after firing. 

The Rutile Group 

The materials of this group owe their high permit¬ 
tivities to the presence of rutile, a titanium dioxide. 
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in the mixture. By using high-plasticity binders it is 
possible to work successfully with mixtures containing 
over 90 % of rutile, thereby obtaining permittivities 
as high as 90. As will be explained in a later para¬ 
graph under the heading of “ Permittivity,” materials 
containing large percentages of rutile have high nega.tive 
temperature-coefficients of permittivity. When this is 
undesirable it is necessary to reduce the rutile content, 
and this is done by adding to the mixture materials 
which are converted into refractory oxides on firing. 
Alternatively, the rutile may be combined with an 
alkali earth to produce magnesium titanate which is tl»en 
worked by the usual ceramic processes. 

Rutile materials have accordingly developed along 
two main lines, one type aiming at the highest per¬ 
mittivity and the other at a permittivity which is inde¬ 
pendent of temperature. Mixtures intermediate between 
these two main types are also used. 

(2) MANUFACTURE 

In considering the use of ceramic materials a knowledge 
of the manufacturing processes involved is an advantage 
in comparing the merits of various designs. 

The raw materials are first brought to a fine state of 
division by crushing and grinding before being mixed 
in the correct proportions and ground together under 
water in ball mills. The resulting creamy liquid, Imown 
as slip, is then treated in filter presses to remove most 
of the water, leaving cakes of plastic, clay-like, material. 

In the manufacture of large insulators the cakes from 
the filter presses are passed through pug mills to render 
the material more homogeneous and plastic. The re¬ 
quired shape is then produced by working roughly to 
shape on the potter’s wheel and subsequently turning in 
a lathe, or by a vertical turning process known as jollying 
in which the clay, held in a plaster mould which gives 
the outside shape, is rotated past a tool which produces 
the inside shape. These two processes are obviously 
only suitable for the production of solids of revolution. 
Rods and tubes of circular or irregular cross-section are 
made by extruding the plastic mass through suitable 
nozzles, whilst shapes which cannot be made by rotary 
or extrusion processes may be made by casting the liquid 
slip in plaster moulds. All the above processes are 
known as plastic processes. 

Small insulators for use at low voltage are made by a 
pressing process. The cakes of clay from the filter 
presses are dried and pulverized. The powder so formed, 
with or without the addition of a little oil or water, is 
then pressed in steel dies to produce the desired shape. 
This process is obviously suited to quantity production 
and most of the small insulating parts required in the 
manufacture of components and complete apparatus 

are made in this way. ' 

The shaped articles are slowly dried to remove most 
of the free water before firing at temperatures of from 
1 250 to 1 400° C. The removal of water during the 
drying, and the physical and chemical changes occurring 
in the firing, cause a shrinkage which varies from 8 % 
to as much as 30 %, depending on the composition. 
This has to be allowed for in the shaping process and of 
course makes the attainment of fine dimensional toler¬ 
ances difficult. The larger insulators made by the 


plastic processed can usually be made to tolerances of 
2 %, but the |maller pressed pieces can often be made 
to'‘ tt 1 %• If^finer tolerances are necessary they can 
only be obtained by grinding the material after firing. 
Owing to the extreme hardness (7—8 mohs scale) this is 
expensive and should be avoided whenever possible. In 
this conrection it might be pointed out that if engineers 
would seek the co-operation of the insulator manu¬ 
facturers in the design stage it would often be possible 
to suggest simpte modifications which would avoid 
expensive vj'orkton the fired pieces. 


(3) ELECTRICAL AND MECHANICAL PROPERTIES 

The electrical and physical properties of ceramic 
materials have bepn published and mentioned in several 
papers.!* 2 ppe values quoted in many cases are those 
obtained by testing sp^'cially prepared samples under 
conditions beai^ing little relationship to practical con¬ 
ditions. It is therefore proposed to consider the more 
important properties, giving values which can be realized 
in commercially produced materials under conditions 
similar to those encountered in practice. 



Fig. 1.—^Variation of power factor of a steatite group 
material with maximum firing temperature (frequency 
1 Mc,/s.). 

A. In dry atmospliere over calcium chloride. 

B. In atmosphere of 75 % relative humidity. 

(a) Power Factor 

The power factor of insulating materials is usually 
determined by taking a sample disc to which electrodes 
are applied and measuring the power factor of the con¬ 
denser so formed. The technique of such measurements 
at radio frequencies has been previously described.® 
In testing ceramic materials the properties of the test 
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condenser do not necessarily represent tCie properties of 
the dielectric and it is important to talije precautions if 
accurate and consistent results are t(f be obtainf.d. 
Surface moisture films develop on ceramics, glass and 
certain other materials under ordinary atmospheric con¬ 
ditions. These moisture films are stable and thf.ir laws 



Fig. 2.—Effect of humidity on the power factor of ceramic 

materials, 

A. Steatite group material. 

B. Rutile group material (high permittivity). 

—. Tests at 75 % relative humidity. 

-Tests in dry atmosphere over calcium chloride. 

of formation and their electrical resistance have been 
studied.^ Surface leakage occurs through the moisture 
film and causes an increase in power factor of the test 
condenser, especially at the lower frequencies (below 
1 Mc./s.)'. In order to reduce this effect, the diameter 
of the electrodes should be a few millimetres less than 
the diameter of the test disc. Also, it is of great im¬ 
portance that the test disc should not be touched by the 
hand, since a minute trace of perspiration will greatly 
increase the conductivity of the moisture film. 

Atmospheric moisture also affects the power factor of 
ceramics which are not properly vitrified, by penetrating 
into the small interstices in the material. Ceramic 
materials are not homogeneous, but consist of a crystal¬ 
line structure bonded by a glassy'matrix. The glassy 
bond develops during the firing and spreads slowly 
through the material. If the temperature or period of 
soaking is insufficient the material will be porous, while 
if the temperature is too high there is a danger that 
gases will be evolved, forming bubbles and imparting 
a vesicular structure to the material. In either case at¬ 
mospheric moisture may penetrate the material, causing 
a rapid increase in power factor, especially at the lower 
frequencies. This is shown in the curves of Fig. 1, which 
give the power factor of discs of a steatite group material 


which had been fired to various maximum temperatures, 
the period of firing being the same in each case. 

There are many references in the literature dealing 
with ceramics to the effect of moisture on the power 
factor® and it is sometimes recommended that test.s 
should be made in vamio or the test disc heated and 
perhaps coated with wax or other moisture-resisting 
substance. A consideration of Fig. 1 will show that this 
is dangerous, since a poorly vitrified material, which 
would have a high power factor under working conditions, 
would not be detected. 

ft; is therefore recommended that tests be made in a 
humid atmosphere and that the test frequency be not 
too high, 1 Mc./s. being suitable. This is easily arranged 
by testing in an enclosure in which the air is circulated 
over moistened crystals of sodium chloride to give a 
relative humidity of about 76 %. Where a type of 
electrode which prevents access of the atmosphere to 
the surface of the disc is used (e.g. tin foil applied with 
vaseline or an accurately ground disc clamped between 
metal electrodes) the disc should be exposed to the humid 
atmosphere for some time before fitting the electrodes. 

• The variation of power factor of well vitrified ceramic 
materials with humiditj'- is quite snicill at frequencies 



Fig. 3.—Variation of power factor with frequency (76 % 
relative humidity). 

A. Steatite group material. 

B. Rutile group material (high permittivity). 

C. Rutile group material (low teinperature-coeffioient of permittivity). 

above 1 Mc./s. and Fig. 2 shows the results obtained on 
typical materials of the steatite and rutile groups. 
Previous investigators have reported larger variations 
than those shown, the differences being probably due to 
differences in the vitrification of the materials. 

The power factor of ceramic materials does not vary 
greatly with frequency over the range of 1 Mc./s. to 
60 Mc./s., but below this range there is usually a rapid 
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increase in the power factor with decreasing frequency. 
Values for typical materials are given in Fig. 3. 

As with most other materials, the power factor of 
ceramics generally increases with temperature. At fre¬ 
quencies below 1 Mc./s. where conduction effects are 
more important there may be a fall in power factor with 
increasing temperature. 

(b) Permittivity 

The occurrence of high permittivity in solid insulating 
materials has been discussed in a paper by F. C. Frank,® 
where it is shown that high permittivity only occufs 
when both the electronic polarizability of the constituent 


Table 1 


Material 

Density 

Pennittivity 

Magnesium silicate MgSiOg 

3-0 


Steatite ceramics 

2-7 

6‘0-6-5 

Steatite magnesite ceramics 

2-8 

7-5 

Rutile .. ., 

4-21 

114 

High-permittivity rutile cera- 



mics 

3-9 

80 

Low-temperature-coefficient 



rutile ceramics 

3-1 

10 


ions and tba atomic polarizability of the compound are 
high. This condition is satisfied in rutile, which contains 
the highly charged titanium and oxygen ions and in 
which the closely packed crystal lattice has a high 
atomic polarizability. Permittivity depends on the 
closeness with which the material is packed, or the 
density, and Table 1 gives values of density and per¬ 
mittivity of rutile, steatite and the finished ceramics. 

The variation of permittu-ity with temperature depends 
on the relative contributions of electronic and atomic 
polarization to the permittivity. Electronic polarization 
is almost independent of temperature, so that in a 
material where this is the predominant factor the per¬ 
mittivity will decrease with increasing temperature 
owing to the decrease in density. The temperature 
coefficient of permittivity will be given by the approxi¬ 
mate theoretical formula:— 

Temperature coefficient of permittivity 

_ Coefficient of linear expansion x Permittivity 

Density 

which has a value of — 300 X 10~® for rutile. 

For steatite and the ceramic materials the permittivity 
arises mainly from atomic polarization, which increases 
with temperature owing to expansion of the crystal 
lattice. The temperature coefficients of fhe steatite 
group materials are, therefore, positive. Since the 
contribution of atomic polarization is usually small 
compared with electronic polarization the steatite 
materials have only moderate values of permittivity. 

It will be appreciated that in the rutile group materials, 
which consist of a mixture of rutile and a ceramic binder, 
the permittivity and its temperature coefficient will vary 
with the relative proportions of the constituents. The 
manner of this variation has been investigated by W. 
Soyck, whose curves are reproduced in the paper by W. 

VoL, 87. 


Jackson mentioned above. An important feature is 
that mixtures cs^ntaining about 25 % of rutile have 
permittivities independent of temperature, the values 
being 10 to 16. 

The measurement of permittivity presents little diffi¬ 
culty. The capacitance of a test disc, preferably with 
bumt-on silver electrodes, is measured and the per¬ 
mittivity calculated, making a suitable correction for 
edge effect. Care ^should be taken in manufacturing 
the test disc to ensure that it is really representative of 
the finished products. 

The temperature coefficient of permittivity of a 
material is not measured directly but is obtained from 
the temperature coefficient of capacitance of a condenser 
of which the mat&ial forms the dielectric. The two 
quantities are related by ihe linear coefficient of thermal 
expansion. In measuring the temperature coefficient 
ofrfiapacitance the test disc should preferably be provided 

Table 2 


Change in Capacitance with Temperature of 
Ceramic Discs with burned-on Silver Elec- 
TRODES 


Material 

Permittivity 

Change in capacitance, 

A C/0 per deg. C. 

Steatite group . . . . 

6-0 

-1- 90 X 10“® 

Rutile group (high per- 



mittivity) .. .. 

SO 

- 610 X 10“® 

Rutile group (low tem¬ 
perature coefficient of 
permittivity) .. 

10 

+ 10 X 10-6 


with bumt-on silver electrodes. This avoids the non- 
cyclic variations, due to relative movements, which are 
liable to occur when other forms of electrode are used. 

Table 2 shows the variation of capacitance of various 
ceramic materials over a temperature range of 16°-75° C. 

(c) Electric Strength 

The electric strength is seldom a limiting feature in 
the practical application of ceramic materials. In the 
case of high-voltage insulators the working stress is 
frequently limited by power-loss considerations, and in 
the case of condensers, where the material is kept as 
thin as possible in order to obtain high capacitances 
with small dimensions, manufacturing difficulties usually 
determine the minimum thickness which can be used. 

The ceramic materials follow the general rule that 
high permittivity is associated with low electric strength. 
Steatite group materials have electric strengths of about 
800 kV/in. for pieces made by plastic processes, and 
250 kV/in. for pressed pieces, the thickness in each case 
being J in. The strength varies approximately inversely 
with the square root of the thickness. The electric 
strength of the rutile materials ranges from 25 % to 
40 % that of the steatite materials, larger percentages 
of rutile being associated with lower electric strengths. 

Temperature has a considerable influence on electric 
strength, the value being reduced to about 80 % at 

37 
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90° C. and 10 % at 260° C. compared with that at 
normal room temperature. 

(d) Mechanical Strength 

The measurement of the mechanical strength of 
ceramics is a matter of some difficulty due to the hard 
unyielding nature of the materials. Concentrations of 
stress at the points of application of the load cause wide 
variations in the results obtained. Tests are of no value 


Table 3 


Mechanical Strength of a Steatite Group Material 

Metiod of manufacture 

Ultimate stress (Ib./sq. in.) 

• 

Plastic process 

2 00*5-3 000 in tension • 

200 000 ip compression 

4 600-7 000 in bending * 

Pressing process 

1 200-1 600 in tension 

60 000 in compression 


for purposes of comparing different materials unless 
standard test pieces and test methods are used. Even 
so, the values recorded using small test specimens are 
much higher than those which can he i-ealized in the 
manufacture of insulators. For this reason the values 
of mechanical strength given in Table 3 are obtained from 
tests on typical insulators and not on special test pieces. 

As condenser dielectrics are not usually called on to 
support mechanical loads, values are not given for the 
rutile materials. 

In designing insulators it is necessary to avoid con¬ 
centrations of stress at the point of attachment of metal 
fittings and wires, if the full strength of the material is 
to be developed. Even in the small pressed pieces it is 
a great advantage to allow a little resilience in the metal 


Table 4 

Thermal Expansion of Ceramic Materials 


Material 

! Linear coefficient of 
expansion, 

Sill per deg. C. 

Steatite group .. ’ • • 

8-2 X 10-8 

Futile group (high permittivity) .. 

10-8 X 10-8 

Futile group (low temperature co- 
• efficient of permittivity) .. 

9*6 X 10-8 

Normal electrical porcelain .. 

6-0 X 10-8 


parts so that any slight variation in dimensions will not 
cause undue stressing and possibly cracking of the 
insulator. 

(e) Thermal Expansion 

The low-loss steatite and especially the rutile materials 
have higher thermal expansions than normal electrical 
porcelain, as will be seen from the values in Table 4. 


Certain clay-steatite materials produce ceramics of 
very low thermal expansion (1 to 2 x 10~®), but these 
have power factors of 70 to 40 X 10~^ at frequencies of 
1 to 60 Mc./s. 

(4) APPLICATIONS 

It is clear from what has been written above that a 
wide range of ceramic materials is available and by 
choice of the correct type it is possible to meet most of 
the requirements of the radio industry. A brief review 
of what can be done with the new ceramic insulations 
-^11 now be given. 

(a) Insulators 

Large pieces such as aerial tension insulators, mast 
base compression insulators, feeder line supports, bushing 
insulators and stand-off or pedestal insulators are made 
by plastic processes from steatite group materials. 
Where the insulator is for use out of doors a glazed 
surface is an advantage since dirt does not adhere easily 
to the surface and when cleaning does become necessary 
it is easy to carry out. It might be pointed out here 



Fig. 4.—A group of plastic-process insulators. 


that the materials themselves are non-hygroscopic and 
do not depend on the film of glaze to keep out moisture. 

Steatite group ihaterials are much more difficult to 
handle in plastic process manufacture than electrical 
porcelain, and insulators previously produced in the 
latter material cannot always be made in low-power- 
factor ceramics. Fig. 4 shows a group of plastic-process 
insulators made from steatite group materials. 

In insulators for use at high radio-frequency voltages 
the parts in contact with metal fittings should be pro¬ 
vided with a conducting layer in electrical connection 
with the metal fitting in order to reduce discharges and 
local heating. This is easily provided by the well-known 
metal spraying processes or by the silvering process to 
be described in the paragraph on condensers. 

Small insulators such as valve bases and holders, 
terminal strips and condenser end plates, to mention a 
few, are made by the pressing process. In many cases 
the insulator in effect forms a jig on which the component 
is assembled, and in such cases fine tolerances in 
dimensions are necessary. Fig. 6 gives an idea of the 
intricate pieces that can be made in this way. 
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(b) Condensers 

An important feature in the manufacture of ceramic 
condensers is the ease with which silver electrodes can 
be applied. A suspension of silver oxide in a suitable 
medium such as cellulose lacquer, or other type of silver 


frequency variatiojis must be kept within narrow limits ‘ 
and bulky tempdrature-controlled ovens are. impracti¬ 
cable. 

Another type of condenser which can be successfully 
made with ceramic materials is the trimmer condenser. 





Fig. 5.—A group of pressed insulators. 


glaze, is painted or sprayed on to the surface and the 
article fired to a temperature of 600-700° C. Connecting 
wires may be soldered directly to the silver coating. 
Since relative movement of the dielectric and electrodes 
is impossible with this form of construction, and the 
dielectric material itself is stable, such condensers are 
almost perfectly cyclic when subjected to temperature 
changes, and secular changes in capacitance are 
negligible. 

When variation of capacitance with temperature is 
not important very compact condensers can be made 
by using a high-permittivity material pressed into the 
form of small discs or cups Or extruded in the form of 
thin-walled tubes. A capacitance of 100can be 
obtained in a space of 1 cm? The high negative 
temperature-coefficient of this type of condenser can be 
turned to advantage, for in some cases it is possible to 
compensate for the frequency drift in a circuit arising 
from the warming-up of valves and coils by using such 
a condenser suitably disposed with regard to the othhr 
components. 

Where constancy of capacitance with temperature is 
important this may be brought about by using a rutile 
material of the low-temperature-coefficient type or by a 
combination of condensers of positive and negative 
temperatrure coefficients. Fig. 6 shows the variation 
with temperature of the power factor and capacitance 
of a condenser made up with a low-temperature-co¬ 
efficient rutile material. The sample tested was a disc 
approximately 5 cm. diameter with burnt-on silver 
electrodes and a capacitance of approximately 60 ^/xF. 
It was subjected to a number of thermal cycles between 
16° and 76° C. and it will be seen that the behavioitr 
under these conditions is almost perfectly cyclic. This 
is an important feature in constructing circuits where 


A t5q>ical construction is shown in Fig. 7, where the 
rotor (1) consists of a thin disc of rutile material and the 
stator (2) is made of a low-loss steatite material. The 
contact surfaces of the rotor and stator are ground flat 
and the upper surfaces of both rotor and stator are 
provided with silver electrodes as shown. The capaci- 



Capacitanae, /ifiF 
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* 

tance is adjusted by turning the r|)tor, there being 
enough friction to ensure that the settirj^ is not disturbed 
accidental^. 



Fig. 7.—Ceramic trimmer condenser. Typical constraction. 


The author has carried out a series of tests on a small 
trimmer condenser of foreign origin which had a capaci¬ 
tance of 60 ^/xF and 8 fxfJtF at maximum and minimum 
settings. The power factor was the same at both 
settings and is shown in Fig. 8. The variation of power 
factor with humidity in the sample tested was great and 
indicates that the rotor material was not well vitrified. 



Fig. 8.—Ceramic trimmer condenser. Variation of power 
factor with humidity. 


In trimmer condensers of this type the minute air 
film which exists between the rotor and stator is in 
series with the solid dielectric. It is to be expected, 
therefore, that the temperature coejficient of capacitance 
will be less than that for a test disc silvered on both 
sides. This is confirmed by the tests shown in Fig. 9, 
from which it is seen that the temperature coefficient of 
capacitance is about — 660 X 10~®. There is also a 
greater non-cyclic variation in capacitance than is shown 
by the tests recorded in Fig. 6. 

^.Another type of trimmer condenser has two rotors 



Fig. 9.—Ceramic trimmer condenser, Variation of capaci¬ 
tance with temperature. 

attached to the same spindle and mounted on opposite 
sides of the stator. One disc is made of a rutile material 
and the other of a steatite material, the thicknesses being 
in the inverse ratio of the permittivities. The silvered 
electrodes are so arranged that as the rotors are moved 
the capacitance remains sensibly constant and its tem¬ 
perature coefficient varies continuously from a positive 
to a negative value. 

(c) Coils 

Coils of conventional design may be made by using 
ceramic formers with slots or helical grooves for the 
reception of the windings. 

Coils showing very small change of inductance with 
temperature are constructed by depositing silver coatings 
directly on a ceramic former, the coating being reinforced 
by electroplating to give the necessary conductivity. 
The temperature coefficient of coils of this type is 
governed largely by the thermal expansion of the former, 
and can be reduced to a minimum by using the low- 
expansion clay steatite mixtures. Coils of this type 
when associated with ceramic condensers bf the appro¬ 
priate characteristics produce oscillatory circuits of 
great constancy and stability. 
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(5) CONCLUSIONS 

Developments in radio technique have led to a demand 
for insulating materials and components having great 
stability and behaving in a cyclic manner when subjected 
to temperature variations. Ceramics are inherently 
suited to meet these requirements and can be produced 
with electrical characteristics at high frequencies which 
compare very favourably with those of any other type 
of material. 

There are considerable dif&culties in assessing and 
measuring both the electrical and mechanical charac¬ 
teristics, but if attention is paid to the points mentioned 
there should be no difficulties in comparing different 
materials or in deciding on values which may safely be 
used for design purposes. 
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BRITISH STANDARDS 

The Secretary has been asked by the British Standards 
Institution to draw attention to the following new 
and revised Specifications:— 

Flame-proof Electric Lighting Fittings (B.S. 889). 

This specification covers well glass fittings and bulk¬ 
head fittings intended for use where the following in¬ 
flammable gases or vapours may occur in explosive 
mixture with air:— 

Group I. Methane. 

Group II. Petroleum vapour. Acetone vapour. 

Group III. Town's gas or coke-oven gas containing 
not more than 60 % hydrogen. 

Portable headlamps connected to the circuit by flexible 
cord are not provided for in this specification. Such 
lamps are not at present accepted for certification by the 
Testing Authority. 

The dimensions are very carefully specified, and dura¬ 
bility, hydraulic, impact and thermal shock, and 
temperature-rise tests are provided for. The flame¬ 
proofness has to be in accordance with B.S. 229. 

Copies of this specification can be obtained from the 
British Standards Institution, 28 Victoria Street, London, 
S.W.l, price 2s. 3d. post free. 

Bolted Flame-proof Cable-Couplers (B.S. 912). 

This specification forms one of a series of specifications 
for electrical apparatus for use in mines, the cable- 
couplers having also properties capable of being used as 
detachable dividing boxes. They are so designed as to 
enable two or more cables of various descriptions to be 


coupled together, or to enable a cable to be coupled to 
apparatus. Two types of couplers are covered, i.e. the 
link type and the contact-pin and contact-tube. In 
either type it is intended that the two or more units 
which comprise a coupler shall be attached to one another 
by bolts, studs or screws, and so constructed as to permit 
subsequent detachment of the units without disturbing 
the attachment of the cable thereto. 

The specification covers construction, mechanical 
strength, flame-proof enclosure, insulation, case, self¬ 
alignment, contact-pins, contact-tubes and links, and it 
also gives tables of electrical clearances and standard 
voltage and current ratings. High-voltage tests are also 
included. 

Copies of the specification can be obtained from the 
B.S.I., price 2s. 3d. post free. 

Motor Starters and Controllers. (B.S. 587). 

A reprint of this specification having become neces¬ 
sary, the opportunity has been taken to introduce a few 
additional clauses, and the specification has therefore 
been re-issued as the 1940 edition. 

The most important additions are the mechanical en-' 
durance test and an Appendix on clearances and 
creepages for motor control gear. A new definition has 
also been included, this relating to a " damp and dust 
protecting model.” 

The Appendix in the 1938 edition dealing with terminal 
markings is now superseded by B.S. 822, and the Appen¬ 
dix is therefore replaced in the new edition .by a cross- 
reference to that specification. 

Copies of the revised specification can be obtained 
from the B.S.I., price 2s. 3d., post free. 
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Standard Methods for Testing Rubber (B.S. 902 and 

903). ^ 

The tests so far standardized by the British Standards 
Institution have been published in two British Standards 
as follows:— 

B.S. 902. Methods of Testing Latex, Raw Rubber and 
Unvulcanized Compounded Rubber. 

B.S. 903. Methods of Testing Vulcanized Rubber. 

These Methods have been based* on those of the 
London advisory Committee for .Rubber Research 
(Ceylon and Malaj/a) and those of the Research Associa¬ 
tion of British Rubber Manufacturers as published in 
“ Rubber, Physical and Chemical Properties.” 

The Methods are applicable to:— • • 

(i) Latex, in a natural or pii<spared form. 

(ii) Raw rubber, in the crude forrn, obtained on the 

coagulation of latex. * , 

(iii) Unvulcanized compounded rubber obtained from 

raw rubber by the incorporation of various 
ingredients. 

(iv) Vulcanized rubber, that is to say the product^ 

obtained from natural raw rubber by heating it 
with sulphur and/or sulphur-containing com¬ 
pounds. This latter product may be of a soft 
extensible character or it may be of a hard 
inextensible character such as ebonite. 

Copies of these British Standards can be obtained from 
the B.S.I. at the following prices:—B.S. 902, 3s. 9d. post 
free; B.S. 903, 5s. 4d. post free. 

E.R.A. REPORTS 

The Secretary has been asked by the British Electrical 
and Allied Industries Research Association to draw 
attention to the following Reports which have recently 
been issued:— 

E.R.A. Report Ref. L/T102: High-Voltage Service 
Testing, with particTolar reference to the Use of 
Direct Current. (By A. E. W. Austen, A. Morris 
Thomas and S. Whitehead.) 

This critical review of principles and present-day 
practice is a first step towards the further development 
of high-voltage d.c. testing and the extension of its 
application to station equipment other than cables. 
The work, of which this i-eview forms a part, is being 
carried out for the Electricity Commissioners. 

Following a general section, the Report deals with the 
various mechanisms of insulation failure and the types of 
failure that have been experienced in service. 

"Standai'd high-voltage tests are then subjected to more 
critical examination, with due regard to their efficiency 
in revealing incipient breakdown without introducing 
new hazards due to the test itself. 

Tile state of the art of d.c. service testing is fully 
treated in the major section of the Report, which covers 
conditions of test, equipment, the control and measui'e- 
ment of voltage, procedure, observations made, and the 
interpretation of results. This section also contains a 
summary of the faults found in practice. 

Recent developments in service testing are then 
treated under the following heads:—discharge and ioniza¬ 
tion detectors; oscillographic tests; dielectric loss 
measurements. 


The Report concludes with a general discussion upon 
existing methods and possible further developments. 

Copies may be obtained from the Association, 15 Savoy 
Street, London, W.C.2, price 6s. (postage 6d.). 

E.R.A. Report Ref. L/T114: The Electric Strength of 
Solid Dielectrics in Relation to the Theory of 
Electronic Breakdown. (By A. E. W. Austen and 
S. Whitehead.) ■ 

Methods are described by which the ” intrinsic ” 
electric strength of solid dielectrics may be defined and 
e\^.luated, It is shown that the magnitudes of, and the 
effect of temperature and thiclmess upon, the electric 
strengths of certain crystals agree wdth Frohlich's theory 
of electronic breakdown, as does also the effect of dis¬ 
ordered structure and microstructure in similar instances. 
On the other hand departures from theory occur wdth 
complex organic dielectrics, and also with crystals when 
certain limits, e.g. of temperature, are exceeded. Some 
observations are made on the effect of temperature 
and electric stress upon the conductivity. 

Copies may be obtained from the Association, price 
3s. (postage 3d.). 

A modified version of the Report was published in 
August, 1940, in the Proceedings of the Royal Society, 
Ser. A, 176, p. 33. 


E,R.A. Report Ref. Z/T52: Methods of Measuring 
Warmth in Experiments on Space Heating, (Critical 
Resume by D. V. Onslow.) 

In addition to describing ,the various methods of 
measuring w^armth, this Report, which is a critical 
resume of published information, discusses the require¬ 
ments for satisfactory heating and cooling. The measure¬ 
ment and effect of air temperature, air velocity and 
movement, rate of air change, cooling power, radiation 
and humidity are fully dealt with, details being given 
of the various measuring instruments and temperature 
scales which should be employed. Indications are given 
of the ranges and combinations of conditions within 
which comfort may be found. 

A large number of references have been consulted in 
the preparation of this Report and are listed in a biblio¬ 
graphy at the end. 

Copies may be obtained from the Association, price 6s. 
(postage 2d.). 


TRANSFERS 

The following transfers were effected by the Council at 
their meeting held on the 24th October, 1940:—- 

Student to Graduate 


Abercrombie, Thomas 
William. 

Ailonan, James, B.Sc. 
Aldridge, Leslie James. 
Allan, Alexander William. 
B.Sc. 

Allen, Frank, B.Sc. 
Arnold, George Frederick. 
Atkinson, Alan. 

Barclay, Robert Stuart, 
B.Sc. 

Bates, Eric. 

Beckett, John Douglas H., 
B.Sc. 


Bell, James Edward. 

Bell, Lindsay Gordon, B.E. 
Bennett, Frederick James. 
Bentall, Anthony Alfred, 
B.Sc. 

Berwin, Charles Arthur. 
Betts, Peter. 

Biggar, Henry Peter FI. 
Bowron, Walter Du Cane, 
B.Sc.(Eng.) 

Brassin^on, AiThur Gerald. 
Brooks, George Roderick, 
B.Sc. 

Burns, Rex. 
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Student to Graduate- —continued. 
Buxton, Dudley Haywai'd 


to Graduate —continued. 

Twitchin, Frederick EricD. 
Venkataraman, Mayava- 
ram Krishnaswami R. 


P. 

Bysouth, Kenneth William. 
Castle, Charles Alfred. 
Chambers, Joseph Arthur. 
Chappell, Raymond George. 
Chipperfield, Victor James, 
B,Sc.(Eng.). 

Clotworthy, Neil Desmond. 
Colgan, Anthony Joseph. 
Cook, Stanley Halliday, 
B.Eng. 

Cooper, Richard Anthony, 
B.Sc.(Eng.). 

Cottrell, Seymour. 

Court, Gwyn William G., 
B.Sc. 

Dalby, Ernest Kershaw. 
Davies, Roy Travers. 
Derliam, Thomas Reginald 

K. 

Dixon, John George. 
Doherty, Stephen Norman, 
B.Sc.(Eng.). 

Dowell, Allan Ure. 

Drake, Philip John. 
Dunnill, Alan. 

Else, William Alan. 
Endersby, Francis George. 
Farr, Robert Anthony L. 
Farrell, Frank Kenneth. 
Felgate, Peter Edward. 
Field, Peter. 

Field, Walter Francis. 
Firth, John Alfi'ed P. 
Flashman, John Sydtiey, 
B.Sc. 

Fletcher, Douglas. 

Foyer, John. 

Francis, Edwin John H, 
Frankland, George Douglas. 
Gee, Peter Arthur. 

Good, Arthur Joseph, B.Sc. 
(Eng.). 

Gregory, Michael Craven. 
Groom, Alan Robert. 
Gutteridge, James Limbird. 
Halbe, Dhundiraj Narayan, 
Harper, Bernarr Charles. 
Hart,' George Valentine. 
Hartley, Kenneth Alison, 
B.Sc.Tech. 

Haynes, Joseph. 

Higson, Flugh Ward. 
Howard, Dennis Robert. 
Howard, Richard. 

Hunt, Albert, B.Sc.(Eng.). 
Hyamson, Theodore David, 
B.Sc. (Eng.). 

Imison, Kenneth Halton, 
B.Sc. 

Inurrieta, Enrique. 


Johnson, Henr 3 ?- Gawin. 
Joice, William Arnold. 
Jones, Edgar Goldstone. 
Joseph, Robert Arthur, 
B.Sc. 

Kaul, Permashwar Nath. 
Kay, Robert Lindsay. 
Kenworthy, Horace Ed¬ 
ward. 

Kinloch, Colin David. 
Kirkwood, George. '* 
Knowles, Arthur Edward. 
Knowles, Royston. 

Koram, Edmund Manteaw 
K., B.Sc.(Eng.). 

Kumar, Pi'atap, B.Sc. 
Laice, Arthur Lawrence. 
Langhorne, Thomas Black- 
lock. 

Lee, Robert Max. 

Lester, Frank Duckworth. 
IVlackay, Frederick Gor¬ 
don, B.Sc.(Eng.). 

Manley, Richard Tapley, 
B.Sc. 

Medlock, Reginald Stuart. 
Membry, Eric John, B.Sc. 
(Eng,). 

Murad, Yuszifali Haji. 
Newport, Paul Readuig. 
Nicholson, George Gallo¬ 
way, B.Eng. 

Norman, Arthur Ernest. 
Oldham, Hugh William. 
Pai, Mangalore Srinivas, 
B.A., B.Sc.(Eng.). 

Parker, John Pyne. 

Payne, Harold Edward, 

B. Sc. 

Pilling, Edward. 

Pulsford, Henry Eric. 
Quayle, Ernest, B.Eng. 
Redmayne, William Eric. 
Reynolds, Bertram 
Thomas. 

Rickman, Alan Owen. 
Roberts, Frederick Wil¬ 
liam, B.Sc. 

Roberts, John. 

Robertson, Archibald Colin 

C. , B.Sc. 

Robinson, Cyril. 

Rogers, Michael Yeates. 
Romans, Geoffrey Owen. 
Rose, John Cyril. 
Rosenblum, Ben j amin, 

B.Sc. (Eng.). 

Rowe, Lester Frederick. 
Saxon, Godfrejn 
Schofield, Ern est Frederick. 
Souter, Lesley Scott (Miss), 
B.vSc. 


Student 

Speke, Kenneth.^ 

Stafford, Herber-^WilliamPI. 
Stewmt, Gordon Scott. 
Sunderland, John, B.Sc. 
Tech. 

Sutton, Peter. 

Talcherkar, Krishna Vina- 
yak, B.Sc.(Eng.)^. 
Tatchell, James Albert, 
B.Sc.(Eng.). ^ 

Tattersall, Harry. 
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FOR YOUR PROTECTION 
Cables bearing this Trade 
Mark are the best 
obtainable 


R ecognised for generations as 
, the world’s headquarters of 
insuranceLloyds ” is universally 
accepted as standing for absolute 
integrity and security. C.M.A. has 
similarly established a world wide 
reputation by over 40 years of 
faithful service in eiectrical trans¬ 
mission. 




and maintain the recognised 

STANDARD OF VALUE 


The Anchor Cable Co. Ltd. 
British Insulated Cables Ltd. 
Callender’s Cable & Construc¬ 
tion Co. Ltd. 
The Craigpark Electric Cable 
Co. Ltd. 

Crompton Parkinson Ltd. 

(Derby Cables Ltd.) 
The Enfield Cable Works Ltd. 


Johnson & Phillips Ltd. 
Liverpool ElectricCableCo.Ltd. 
The London Electric Wire Co. 

& Smith's Ltd. 
The Macintosh Cable Co. Ltd. 
The Metropolitan Electric Cable 
& Construction Co. Ltd. 
Pirelli-General Cable Works 
Ltd. (General Electric Co. Ltd.) 


Edison Swan Cables Ltd. 

W. T. Glover & Co. Ltd. 
Greengate & irweli Rubber 

Co. Ltd. 

W. T. Henley’s Telegraph 

Works Co. Ltd. 
The India Rubber, GuttaPercha 
& Telegraph Works Co. Ltd. 
(The Silvertown Co.) 


St. Helens Cable & Rubber Co. 

Ltd. 

Siemens Brothers & Co. Ltd. 
(Siemens Electric Lamps & 

Supplies Ltd.) 
Standard Telephones & Cables 
Ltd. 

Union Cable Co. Ltd. 
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OF THE 
C M. A. 


Advt. of the Cable Makers^ Association, High Holborn House, 52-54 High Holborn, London, W.C.I ’Phone Holborn 7633 
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Strength—ability to stand up to abnormal stresses—is as essential to a transformer 
in its particular field as to a battleship. Here is an outstanding feature of Hackbridge 
transformers which, while superficially similar to competing makes, have amongst 


other important features one that 
is unique—their special unit con¬ 
struction whereby on each limb 
the primary / secondary winding 
assembly is individually clamped 
between robust end rings tied 
together by steel tie bars afford¬ 
ing a construction tremendously 
strong against short circuits and 
preventing mutual movement of 
primary and secondary coils under 
stress—typical this of the thought 
and experience characteristic of 
Hackbridge^design. 
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HACKBRIDGE ELECTRIC CONSTRUCTION CO., LTD., WALTON-ON-THAMES, SURREY 


MALAY STATES; The Alliance Engineering Co. Ltd., 6 & 7, Telegraph Street. SINGAPORE. Also at Post Box 359, KUALA LUMPUR. INDIA: A. C. Bottomley 
& Co. Ltd., Stronach House, Graham Road, Ballard Estate, BOMBAY. Steam & Mining Equipment (India) Ltd., 7, Church Lane, CALCUTTA. AUSTRALIA: Hewittic 
Electric Co. Ltd., Kembla Buildings, Margaret Street, SYDNEY. SOUTH AFRICA: Hubert Davies & Co,-Ltd., Hudaco House, Rissik Street, JOHANNESBURG. 
Also at:—Durban, Cape Town, Port Elizabeth, East London, Salisbury, Bulawayo & N’Dola. NEW ZEALAND; The Alliance Electrical Co. Ltd., 41, A.M.P. 
Buildings, First Floor, Custom House Quay, WELLINGTON, CANADA: The Northern Electric Co. Ltd., 1620, Notre Dame St. West, Montreal. QUEBEC, 
SOUTH AMERICA: H. W. Roberts & Co. Ltd., Pledras, 353, BUENOS AIRES. (Agents for Argentine & Uruguay.) 
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c::: 74- good craftsman 

HAS A RIGHT TO GOOD TOOLS 

ALTHOUGH there is a saying that a bad 
workman always blames his tools, it is equally 
true that a good craftsman cannot do his best 
with poor tools. Because we think this very 
strongly, we equip our Factory with the best plant 
we know. 

To take a case—a typical circular table used in 
our Works has a guaranteed accuracy of 5 seconds 
of arc. This may not be essential in the production 
of the switch illustrated, but it does help! ! ! 
This switch has the 121 studs mounted on a pitch 
circle of 2|" radius. The angular spacing of the 
studs is 2.9° and the clearance between the studs 
0.0158". We make hundreds of different Rotary 
stud switches with 3 to 121 studs, for resistance 
and capacity net-works. 


A Circular Table used at Muirhead's in the 
production of the 121 Stud Switch illustrated 
at top of page. 


MUIBHEAD AND COMPANY LIMITED . ELMBKS END, BECKENHAM, KENT . TELEPHONE : BECKENHAM 0041-0042 


FOR OVER 60 YEARS DESIGNERS & MAKERS OF PRECISION INSTRUMENTS 

c.R.a 13 
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CURRENT-LIMITING 



R‘EACT 





CAST-IN-CONCRETE TYPE 

up to 66 KV. 





Fireproof 

Made entirely from 
inorganic materials. 


Piers cast solid 
without metallic 
re-inforcement. 


Open construction 
ensures ease of 
inspection and rapid 
cooling under faults. 


Adaptable to any 
layout. 


Designs backed by 
over 20 years 
experience 


THE BRITISH THOMSON-HOUSTON COMPANY LIMITED, RUGBY, ENGLAND. 
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AUTOMATIC 

PUMPS 






PARTRIDGE WILSON & CO LTD 

Im ■ IHk ■ . Hr ^' w W ' ■ Mi BP MP ■ B . . BP' f . Mi | Mr 


WILSON-ELECTRIC vehicles are used by over 
eighty Electric Supply Undertakings in this country 
and abroad. The pre-war advantages of these vehicles 
—economy, reliability and good performance—are 
now strongly reinforced by the new Exide Ironclad 
Lighter weight Traction Batteries, which provide a 
longer range and permit an increased load. 

Above all, its entire lack of fuel restriction now 
makes a WILSON ELECTRIC Vehicle a proposition 
which no electrical engineer can afford to ignore. 


mim 

DrimetI 


are individually de¬ 
signed and produced 
to suit all types of 
requirements. Four¬ 
teen years of special¬ 
isation in rectifiers 
and battery charging 
apparatus enable us 
to offer equipment 
in the most practical 
form, to satisfy the 
most exacting 
demands. 


provide the ideal 
equipment for cellar- 
draining and sump- 
clearing purposes. 
They are entirely 
self-contained, the 
float and switch 
mechanism being en¬ 
closed in the main 
housing, so that 
installation is rapid 
and simple. Com¬ 
plete submersion 
does not affect their 
operation. Approved 
by Home Office for 
Air Raid Shelter 
drainage. 


Full particulars on application to 
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HIGH-SPEED RELAY 





This relay was originally designed 
to arrest the drive of our Motor Uni¬ 
selector. The time available for the 
testing operation with this switch is of 
the order of .0005 second. 

The relay with its features of:— 

Robust construction—Small size and 
weight—Simple and easy adjustment— 
Extremely rapid operation and release 
—and Insensitivity to external mechani¬ 
cal and Electrical disturbances, has 
provided a solution to many other 
problems, not only in the telephone art 
but also in other fields of communication 
and general signalling. 

Examples of some of its applications are 
detailed below. 


It has- 


Enabled the speed of fast-moving vehicles 
over Street Traffic mats to be recorded 
with a high degree of accuracy. 

Greatly facilitated and simplified certain 
forms of electrical countings. 

Enabled the movement of reverse-drive 
ratchet switches to be stopped by a 
method which has long been sought by 
Telephone Engineers. 

Enabled dialling and other signals to be 
repeated with a degree of fidelity and 
reliability unattainable with other types 
of relay. 

Been applied in tens of thousands in 
signalling and other equipment outside 
the telephone field. 


O'42 ms. 
—.q H— 


.1 

Current in I 
break contact | 

j Millisecond wave (looo'-^forkj 


OSCILLOGRAM OF THE OPERATING-LAG OF THE BREAK 
CONTACT 


—AND IT MAY SOLVE YOUR PROBLEM— 

For full particulars write to — 

SIEMENS BROTHERS & CO. LIMITED 

WOOLWICH, LONDON. S.E.18 

Telephone: WOOLWICH 2020 
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Initiar’ aids 
to victory 


A mong the familiar initials which 
summarise every aspect of our national 
effort, the letters ** 0 - 1 .” have earned a 
place of no small importance. They "'stand 
for the intensive production of numerous 
essentials, including Paper Insulated Cables, 
Rubber Insulated Cables, Joint Boxes, Feeder 
Pillars, Fuse Boxes, Jointing Materials, 
Overhead Equipment for Railways, Tram¬ 
ways, Trolley-buses, Light and Power ; Copper 
and Aluminium Wires, Strands, Sheets, 
Sections; Cotton, Silk, Paper and Enamelled 
Covered Wires; Electricity Meters, Static 
Condensers, Electric Welders, Paper Pinions, 
Magnetic Moulding Machines, Wiring Systems. 


)“/?AD€. 


BRITISH INSULATED CABLES LTD., PRESCOT, Lancs. Tel. No. prescot 657i. 
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What does ©©§ mean ? 

Relation Between Excess Air and Products of Combustion 



6 8 10 12 14 16 18 20 22 24 26 28 30 32 

PRODUCTS OF COMBUSTION IN POUNDS PER POUND OF FUEL 



• Between Excess Air and Air Weight 
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This is the third of 


F rom the above chart it will be seen that when burning 
I !b. of coah an increase from 20% to 100% excess air means 
that the weight of the products of combustion is increased by 
approximately 8^ lb. 

Our previous advertisement showed that this increase In excess 
air involved an increase in the weight of air for combustion by 
the same amount. Thus the forced draught and the induced 
draught fans together must handle approximately 17 lb. more 
air and products of combustion than that necessary for efficient 
combustion. 

In the case of a boiler for 175,000 lb. of steam per hour, with 20% 
excess air the fan motors would be rated at 196 h.p., which 
would be increased at 100% excess air to 875 h.p., thus involving 
an increase in electrical input to the motor terminals of 570 KW, 
Assuming 20 hours per day and 300 days per year, at ^d. per 
KWH this unnecessary expenditure in fan power amounts to 
£7,130 per annum, which in itself is more than sufficient to pay 
for a Bailey furnace. This sum capitalised at 4% interest for 
20 years amounts to over £212,000. Bailey furnace construction 
permits operation with minimum excess air over a very wide 
range of load, so that the saving in fan power debit alone gives 
a very handsome return on capital invested. 

Criticism might be made that the limits are too wide in the 
foregoing example, but even if operation is assumed with 60%, 
excess air, then the unnecessary fan power expenditure is £2,840 
per annum, which when capitalised amounts to £84,570. However, 
when it is realised that this fan power debit is one of the smallest 
items entering into the balance sheet, it will be obvious that Bailey 
furnace construction is in the last analysis the cheapest construction 
which can be installed. 

(For convenience we reproduce the charts from our Nos. I and 2 
advertisements in this series, showing the relationship between excess 
air and CO 2 and weight of air for combustion.) 

a series of three advertisements 


BABCOC 



BABCOCK HOUSE, FARRINGDON ST. 
LONDON, E.C.4. 








O WING to its relatively small 
size and weight the Standard 
Selenium Rectifier is particularly 
suitable for high tension applica¬ 
tion. The illustration shows an oil- 
immersed rectifier with the unit 
withdrawn from the tank. It Includes 
a high-tension transformer, rectifier 
and condensers and has a continuous 
output of 40 kilovolts at a current 
of 50 milliamps. The overall dimen¬ 
sions are 42 inches by 48 inches by 
52 Inches high. 

The unit was supplied to the 
Whessoe Foundry & Engineering 
Co., Ltd., for electrostatic pre¬ 
cipitation of tarfog from gas. 

Full details will gladly 
be supplied upon request. 
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TURBO-PLANT 


ROLLING MILL MOTORS 


TRANSFORMERS 


METAL-CLAD 
SWITCHGEAR 


THE GENERAL ELECTRIC CO. LTD., MAGNET HOUSE, KINGSWAY, LONDON, W.C.2 


30,000 KVA 132/66 kV transformar 
for the British Grid. 


The G.E.C. manu¬ 
factures every type 
of electrical power 
plant and control 
gear, including the 
largest unitsneeded 


in modern service. 


A pumploss air-cooled steel-clad 
Mercury-Arc rectifier for installation 
underground in a South African mine. 


11 KV 1,000.000 KVA metal-clad 
switchgear for a Scottish undertaking. 
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62,500 KVA Turbo-alternator, one of 
three sets at a Midlands power station. 


20,000 h.p. reversing D.C. motor, 1,600 volts, 
150/0/150 r.p.m., driving 40-inch cogging mill. 


MERCURY ARC 
RECTIFIERS 
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CONVERSION OF 



The patented Westinghouse static phase 
converter comprises simply two reactances 
and a condenser. It will not only change 
the number of phases, but also the voltage, 
at a power factor as good as, and with an 

output voltage waveform almost indistinguishable 
from, that of a standard 3-phase equipment- 
all at an efficiency of over 90%. Further, 
the output phase balance is constant over a 
wide range of loading, and the phases may 
easily be adjusted to a state of equality 
for abnormal loads or changes in mains voltage. 

Write for descriptive pamphleL No. IIM to Dept. I.E.E. 

Westinghouse Brake & Signal Co., Ltd. 

Pew Hill House, Chippenham, Wilts. 


Westin 


Represented in INDIA by 
Saxby & Farmer (India) Ltd., 
Calcutta. 


Represented in AUSTRALIA by 
McKenzie & Holland (Australia) 
Pty. Ltd., Melbourne. 



use 


PHASE'^GONVERTER 
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BRITISH MADE 

Also available :— 
Model 7 Resistance 
Range Extension Unit 
UoT measurements 
down to 1/IOOift ohm). 

4Q-range 

Universal AuoMeter. 


W HAT slide-rule is to speedy and 

accurate calculations, so ig the 
Model TAvoMeterto electrical testing— 
Indispensable! With Id ranges, measu»- 
ing A.C. & D.C. Amperes and Volts, 
Resistance, Capacity, Audio-frequency 
Power Output and Decibels, it provides 
unrivalled test facilities in the most 
convenient form. Compact and portable ^ 
(it weighs only 6 lbs.), it conforms to 
B.S. 1st Grade accuracy requirements. 


1L 46‘RANGE universal 


Write 

for descriptive 
Pamphlet and 
current prices. 

Electrical Measuri ng Inatrumeot 

Sole Proprietors and I—i——* '' * 

JuTOMAtIc coil winder & ELECTRICAL EQUIPMENT CO. LTD 
Winder House. Douglas Street. London. S.W.1 Phone: Victoria 3404-7 



REGISTERED 


ZBDH 


TRADE-MARK 


PHASE-SHIFTING 
TRANSFORNE 


Particulars 
on request 


THE ZENITH ELECTRIC CO. LTD. 

Sole Makers of the well-known “Zenith” Electrical Products 

ZENITH WORKS, VILLIERS ROAD 
WILLESDEN GREEN, LONDON, N.W.2 

'Phone: WILIesden 4087-8-9 'Groms: Voltaohm, Phone, London 


3-Phase 
dOO VA 
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KEITH BLACKMAN FANS 


AIR DUCTS, HEATERS, FILTERS AND WASHERS, SUCTION HOODS AND DUST SETTLERS 


These “Black¬ 
man" A n t i - 
clastic Propeller 
Fans are axial- 
flow type de¬ 
signed for work 
hitherto done by 
centrifugal fans, 
work which in¬ 
volves themove- 
mentof consider¬ 
able quantities 
of air against 
moderate resis¬ 
tance, through 
trunking, etc. 
With them simp¬ 
ler ductwork is 
permissible, 
with consequent 
lower first and 
running costs, 
due to lower 
pressure losses. 


/ivci I nxN}, 

;LACKMAN 
I ltd. 1 

MILL MEAD ROAD, 
LONDON, N.I7.y^ 


If it’s HEATING, VENTILATION, DUST EXHAUST, INDUCED DRAUGHT, DRYING 
FUMES REMOVAL, FORGE BLOWING. CUPOLA BLAST, FURNACE BLOWING, 
—or any other proposition involving movement of AIR or GASES, consult us 


'PHONBi TOTTENHAM 4522. 
'GRAMS: KEITHBLAC, PHONE,LONDON.'' 


COPPeI busbars 


and CONNts-1 

Guaranteed Highest Pur.t, 
Correct Temper 

Guaranteed Accuracy 

The best 

made by specialists pr ^ 

V,Hte for Folders Nos. AS 5b & 


A-SfWr 

BLACKFWARS B7Q1 (B m 
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Our experience in the design 
of instrument transformerSf 
extending over many years, 
is placed at your disposal 

Send us your enc[uiries for 
transformers to meet your 
special requirements. 


FERRANTI LTD 


LoiicJon Office: Bush Holisj^, Aldwych> W.C 
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